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AN ENZYMATIC ROUTE TO t-a-GLYCERYL- 
PHOSPHORYLCHOLINE* 


By MAYO UZIELt anp DONALD J. HANAHAN 


(From the Department of Biochemistry, University of Washington, Seattle, Washington) 
(Received for publication, September 15, 1955) 


In order to study effectively the biosynthesis and metabolism of com- 
plex, phosphorus-containing lipides, in particular lecithins, it is desirable 
to have available a variety of potential intermediates. In general, the 
chemical synthesis of these compounds is a difficult task, which is due in 
part to the lability of the bonds during the preparation (1, 2). One such 
compound is L-a-glycerylphosphorylcholine (L-a-GPC) which has been syn- 
thesized by the exacting procedure of Baer and Kates (3). As shown by 
Schmidt et al. (4) and Carayon-Gentil and Bouchilloux (5), this compound 
can be obtained by isolation from autolyzed tissue. However, these latter 
procedures present some inherent difficulties in that optically active impuri- 
ties are carried along with the GPC and are removed only with a con- 
comitant loss of product. 

Another approach to this problem is through the use of specific enzymes 
for the degradation of pure substrates to yield the desired products. In 
the present communication a procedure is described wherein an extract 
of the mycelia of Penicillium notatum, which contains the enzyme lyso- 
lecithinase B, is used to hydrolyze pure lysolecithins with the resultant 
formation in good yields of t-a-GPC and the corresponding fatty acid 
(Fig. 1). Although there have been several reports in the literature de- 
scribing such an enzyme (6-9), no unambiguous proof was offered that the 
phosphorylated product was actually L-a-GPC. 


EXPERIMENTAL 


Substrates—8-Palmitoleyl-, B-palmitoyl-, and 6-stearoyl-L-a-GPC (lyso- 
lecithins) were prepared by previously described methods (10, 11). 


* A preliminary report of this work was presented at the Forty-sixth annual meet- 
ing of the American Society of Biological Chemists, San Francisco, April 11-15, 1955. 
Supported in part by a grant-in-aid from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. The 
following abbreviations are used: L-a-GPC = t-a-glycerylphosphorylcholine; PC = 
phosphorylcholine. 

+t The contents of this paper are taken from a thesis submitted by Mayo Uziel to 
the Graduate School of the University of Washington in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 
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Assay Systems 


Inasmuch as only free fatty acids and GPC were released, the reaction 
could be followed by titration of the free acids or by colorimetric assay 
of the unreacted lysolecithin. 

Titrimetric Method—The procedure is essentially that of Fairbairn (9), 
except that the fatty acids are titrated directly without prior isolation. 
3 volumes of 95 per cent ethanol are added to the reaction mixture at the 
desired time and the liberated acids are titrated with 5 X 10-* m NaOH in 
methanol to the cresol red end-point. Nitrogen is bubbled through the 
solution to exclude carbon dioxide and to stir the mixture. The course of a 
typical reaction followed by titrimetric assay is shown in Fig. 2. 

Colorimetric Assay'—This technique is based on the observation that 
lysolecithins can be precipitated by KI; inl n HCl at 0°. Although this 


OH OH 
% P.notatum 
sities . H20 30°,pH40 "| 0 
0) POCH2CH2N (CH3), OPO CH2CH2N (CH3), 
O- (HOH) * O- (HOH) * 
R=Palmitoleic, palmitic + RCOOH 


or stearic acid 
Fig. 1. Formation of t-a-GPC and corresponding fatty acid 


method is less precise than the titrimetric assay, it is more adaptable to 
following the progress of a large scale preparation (Fig. 3). The procedure 
is essentially that of Appleton et al. (12) for the estimation of choline, ex- 
cept that the precipitation is accomplished at 0° in 1 N HCl by the addi- 
tion of 0.6 m KI; in water. Under the same conditions PC and GPC are 
not precipitated. The sample, preferably less than 0.2 ml., containing 
0.05 to 0.60 umole of unsaturated or saturated lysolecithin is placed in a 
12 ml. conical centrifuge tube and cooled to 0° and 0.2 ml. of KI; reagent 
is added. Sufficient 4 n HCl is added to make the final concentration of 
acid 1 N and the tube is placed in an ice bath for 45 minutes. The mixture 
is then centrifuged at 2500 r.p.m. in a clinical centrifuge at 5° and the 
supernatant fluid is carefully removed by aspiration with a capillary tube. 
The precipitate is immediately dissolved in 10 ml. of 1,2-dichloroethane 
and the optical density is measured at 365 mu against a solvent blank. A 


1 It was called to our attention that the use of this technique for the measurement 
of lysolecithin had already been published (18). However, the details necessary to 
obtain a linear relationship of concentration versus optical density are not given. 
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series of standard lysolecithin samples are run with each determination and 
typical results obtained with this method are illustrated in Fig. 4. 

The success of this method appears to be dependent upon the removal of 
the negative charge from the vicinity of the quaternary ammonium group 
and the presence of the hydrophobic fatty ester. Choline can be precipi- 
tated quantitatively from neutral solution (12) by this technique, whereas 
lecithin, lysolecithin, GPC, and PC are soluble. However, as the pH is 
lowered, lecithin and lysolecithin precipitate, but GPC and PC remain in 
solution. Since the perhalide ion (I,)~ is large and negatively charged, 




































70 
ic BMONOPALMITOLEYL a= 
sy L-a-gPC ~ | 
: 504 S 
% 40) > 090; 
g B MONOPALMITOYL S ane! 
- 30; L-a-gPC x . 
§ 201 . 
~ MONOPALMITOLEYL 
~ 1.07 aa ene B L-a-gPC 
g — O.10- 
0 0 2 30 40 50 60 70 5 10 6 2 2 30 
TIME IN MINUTES TIME IN MINUTES 
Fig. 2 Fia. 3 


Fig. 2. The rate of hydrolysis of the saturated (8-palmitoyl-L-a-GPC) and un- 
saturated (8-palmitoleyl-Lt-a-GPC) substrates when measured by the titrimetric 
procedure. Each point represents an individual reaction mixture from which a zero 
time is subtracted. 6.4 umoles of substrate were incubated with 0.8 mg. of the en- 
zyme preparation in a total volume of 2.4 ml. of 1 X 10-4 m HCl. 

Fig. 3. Rate of disappearance of substrate from a preparative reaction as meas- 
ured by the triiodide precipitation technique. 409 mg. of the unsaturated substrate 
were incubated with 40 mg. of the enzyme preparation in a total volume of 50 ml. of 
1X 10-*m HCl. Aliquots of the reaction mixture were taken at the stated intervals. 


the presence of the ionized phosphate may, through electrostatic repul- 
sion, prevent the formation of the 1:1 complex (12). However, when the 
ionization of the phosphate is repressed, the complex forms and precipitates. 
Lysolecithin without KI; reagent under these conditions forms only a siight 
turbidity. 

The yields of lysolecithin in the precipitate varied from 75 to 90 per cent 
of theoretical (cf. Fig. 3) based on the molar extinction coefficient of 
Appleton et al. However, if standards are run simultaneously, the sys- 
tematic errors of the procedure will be cancelled. 

Phosphorus was assayed by the method of King (13), choline by Glick’s 
technique (14), vicinal hydroxyl] according to Voris et al.? (15), and chloride 


2 It was found that the buffer prepared according to this procedure did not fall 
into the stated pH range unless 17 gm. of the NasHPO,-12H:,0 were used. 
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by Fajan’s procedure (16). All optical measurements were made with a 
Rudolph polarimeter. Melting points were observed with Anschiitz ther- 
mometers in an internally heated Hershberg type bath. 

Enzyme Preparation—A modification of the procedure of Fairbairn was 
used (9). A 10 to 20 per cent mixture of the dried mycelia of P. notatum* 
in distilled water was homogenized in a Waring blendor at room tempera- 
ture for } to 1 minute. 2 to 3 drops of toluene were added to the mixture 


1.4007 
* 
1.2007 / 
1.0005 / y 
«© 0.8007 yl 
m5 il 
S i 
S 0600° h 
0.400; ji] 
U 
, —— LECITHIN 
0.200) YW CHOLINE 
—-—LYSOLECITHIN 








0020 0040 0060 0080 
pM/mi 
Analysis for R-N (CH), with KI, 


Fic. 4. Typical results with triiodide method. Standards run with two different 
GPC preparations from lysolecithin. A series of lecithin and choline samples treated 
in the same manner is illustrated for comparison. 


which was allowed to stand at room temperature for 24 hours. The mix- 
ture was centrifuged for 20 minutes at 2000 r.p.m. at room temperature 
and the slightly turbid supernatant fluid was filtered. The clear, red-brown 
filtrate was cooled to 0° and saturated with solid ammonium sulfate with 
stirring at 0°. This mixture was centrifuged at 2000 r.p.m. at 5° for 20 
minutes and the precipitate was discarded. The clear supernatant fluid 
was then dialyzed against distilled water at 4° for 24 hours. 


’The mycelia dried 24 hours at room temperature in vacuo over Drierite were 
generously supplied by the Commercial Solvents Corporation of Terre Haute, In- 
diana. If the mycelia were dried at 40°, the enzymatic activity was completely lost. 
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The solution in the bag was decolorized by mixing with 1 gm. of Darco 
G-60 for every 150 ml. of solution and by then removing the charcoal by 
centrifugation. The clear solution was then lyophilized and the powder 
was used as the enzyme source. If kept dry, the preparation is stable in- 
definitely at room temperature. 

Preparation of u-a-GPC—In a typical experiment, 0.41 gm. of palmitole- 
yl-L-a-GPC was dissolved in 50 ml. of 1 X 10 m HCl and 40 mg. of en- 
zyme in 10 ml. of the 1 XK 10-*m HCl were added. The reaction mixture 
was incubated at 30° for 3.5 hours. At this time the milky mixture was 
extracted with peroxide-free diethyl ether and the ether-soluble fraction 
was washed with water and dried over anhydrous Na.SO,. The ether 
solution was transferred quantitatively to a tared flask and dried at 90° 
in vacuo for 4 hours. The yield of ether-soluble material was 220 mg. 
(theory, 213 mg.) and the neutral equivalent was 263 (theory for palmitoleic 
acid, 256). The clear aqueous phase was neutralized carefully to pH 7.0 
and concentrated at 35° in vacuo to approximately 10 ml. An equal volume 
of warm absolute ethanol was added and the precipitate was removed by 
centrifugation. The clear supernatant fluid was concentrated as above 
to approximately 10 ml., 1 volume of warm absolute alcohol was added, and 
any precipitate was removed by centrifugation. This procedure was fol- 
lowed until treatment with alcohol gave no precipitate. This final soluble 
fraction was concentrated in vacuo to a thick syrup and 2 ml. of water were 
added. The solution was extracted with CHCl; to remove any residual 
lysolecithin and the GPC was isolated from the aqueous phase as the 
cadmium salt by the procedure described by Baer and Kates (3). The 
yield of amorphous salt was 480 mg. (112 per cent of theory) and the 
crystalline salt was 173 mg. (44 per cent of theory). [a]? —1.36° (c, 13.8 
in water); Baer and Kates reported [aj —1.4° in water (3). 

The specific rotation is in excellent agreement with that reported by 
Baer and Kates and confirms the assignment of the L-a configuration to 
GPC. 


(CgH2207N P) (CdCl.) (2H20) (497). 


Calculated. C 19.46, H 5.30, N 2.83, P 6.27, Cd 22.7, Cl 14.3, choline 24.5 
Found.‘ 10.19, * 6.44, “* 223,“ 6.20," 32,° 43, “* Bs 


Titration of the vicinal hydroxy! groups with periodic acid gave a vicinal 
glycol to phosphorus ratio of 0.99. When a sample of the cadmium salt was 
placed in a bath at 80° and heated at a rate of 3° per minute, sintering oc- 
curred at 95-96°; heating was continued at 3° per minute until 110° and 
then at 10° per minute. A sharp meniscus formed at 168-170° (with slower 


4 Carbon, hydrogen, nitrogen, choline, and Cd analyses were performed by the 
Elek Micro Analytical Laboratories, Los Angeles, California. 
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heating, approximately 1° per minute from 95° and 6° per minute after 
110°, a meniscus formed at 149-150°).6 The reported melting properties 
were sintering from 97° and melting at 100-102°. The reason for this dis- 
crepancy is unknown. 

When the unsaturated substrate was used, the yields of pure Cd salt 
varied from 40 to 65 per cent, based on the original amount of substrate. 
However, when saturated lysolecithins were used as substrates, the yields 
of (L-a-GPC)(CdCl.) were much lower, of the order of 15 to 30 per cent. 
The reason for the lower yields in the latter instance may be due partly to 
gel formation early in the hydrolysis which may, in some manner, inhibit 
the enzyme or make the substrate unavailable to the enzyme. In all 
cases, however, the only major water-soluble product was L-a-GPC. 

When the GPC (freed of Cd by K,:CO;) was chromatographed on What- 
man No. 1 filter paper in propanol-water (8:1, volume per volume), the 
Rr was 0.25, which is exactly that of the synthetic GPC in the same solvent 
(17). 


DISCUSSION 


t-a-GPC has been prepared in good yields by a simple enzymatic proce- 
dure. The main structural requirements for the substrate in this reaction 
are that it must be a monoacyl-substituted GPC (lysolecithin) and that the 
only base present be choline. On the basis of present evidence, there 
appears to be no necessity for the fatty acids to be of a single type, but it 
is of interest that the P. notatum system attacks an unsaturated lysolecithin 
much more readily and to a larger extent than it does a saturated lyso- 
lecithin (Fig. 2). This difference may be due in part to the formation of 
an intermediary or secondary product which is insoluble and separates 
from solution as a gel. The latter products are now under investigation. 
Fairbairn (9) used a saturated lysolecithin as a substrate and obtained 
results which indicated that the reaction was complex unless certain condi- 
tions were used (i.e., sufficient enzyme to carry the reaction to 40 per 
cent completion in a short period of time). In the present studies the un- 
saturated substrate did not give a gel; instead, the mixture took on the 
appearance of an emulsion and if allowed to stand long enough separated 
into a clear aqueous layer and a turbid fat layer. 


5 The discrepancy in melting points was discussed with Dr. Kates, who suggested 
that our decomposition point was the melting point of the anhydrous salt which was 
formed by our more rapid heating as compared to his slower heating rate of about 
1° per minute. The melting point (with decomposition) of a dehydrated sample was 
found to be 167-168° which is the same as that of the crystalline dihydrate by our 
technique. However, on the basis of our experience, we feel that the higher melting 
point is a more reproducible one. 
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Although the mold used as a source of enzyme in the present experi- 
ments is probably not the same strain as that used by Fairbairn, it ap- 
parently contains the same type of enzyme. Also, as previously reported, 
there was no formation of free choline or inorganic phosphate (9), and egg 
or yeast lecithins were not attacked. Thus, this study indicates that 
lysolecithinase B from P. notatum effects the hydrolysis of only lysoleci- 
thins and provides support for the view that the two fatty acids can only 
be removed from lecithin by a stepwise process involving several enzymes 
rather than only one enzyme. 

The isolation in good yields of the L-a form of GPC again points out the 
predominance of this configuration in naturally occurring lecithins. It 
also indicates that the lysolecithins produced by the action of lecithinase 
A on naturally occurring lecithins may be assigned the L-a configuration. 


SUMMARY 


A simplified method is described for the enzymatic preparation of pure 
L-a-glycerylphosphorylcholine, in yields from 40 to 65 per cent, by the ac- 
tion of Penicillium notatum extracts on pure lysolecithins. This enzyme 
system is considerably more active toward an unsaturated lysolecithin 
than a saturated lysolecithin. 
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Of the methods (1) which have been proposed for determining the con- 
centration of adenosine triphosphate (ATP) in solution, only those re- 
ported by Rapoport and Nelson (2), Bailey (3), and Rowls and Stocken 
(4) depended upon the direct measurement of the third phosphate after 
it was hydrolyzed by myosin as adenosinetriphosphatase (ATPase). Ap- 
parently because of the slowness of the hydrolysis (3, 5) and the uncertainty 
of removing adenylate kinase (myokinase) from myosin, the method was 
not widely accepted.! Both of these difficulties can be overcome with 
certainty by the simple expedient of adding ethylenediaminetetraacetic 
acid (EDTA) to the reaction mixtures. This chelating agent accelerates 
the dephosphorylation of ATP by myosin (7, 8) and completely inhibits 
myokinase (9, 8). The use of EDTA to control myokinase action made 
the use of myosin as the dephosphorylating enzyme applicable for quick 
and reliable assay of both ATP and ADP, either separately or together, 
with the feature of using only once precipitated myosin. 

Another factor which contributed to the non-acceptance of myosin as 
an enzyme for determining ATP was the failure to obtain amounts of 
myosin-hydrolyzed phosphate equal to 50 per cent of the 10 minute labile 
phosphate values. The mean values of 43 and 46 per cent obtained by 
Rowls and Stocken (4) and by Steyn-Parvé and Gerritsen (5), respectively, 
were typical. Also, the discrepancy between the amounts of phosphate 
split by myosin and those theoretically possible according to the spectro- 
photometrically determined concentration of ATP (6, 10) increased the 
uncertainty.2 These uncertainties were not related to the method per se 


1 By five precipitations Bailey succeeded in reducing the myokinase to levels at 
which myosin was usable for determining ATP. The method has been applied only 
occasionally, however; e.g. see Ouellet e¢ al. (6). By adding myokinase to purified 
myosin, Bailey (3) also demonstrated enzymic assay of ATP and ADP, either singly 
or in mixtures. ; 

2 Actually Ouellet e¢ al. (6) later noted that in their original calculations they 
had employed the wrong value of the extinction coefficient at 260 mz; when they 
used the correct value, the discrepancy vanished; i.e., nearly as many moles of ortho- 
phosphate were hydrolyzed from chromatographed ATP by myosin as there were 
moles of adenine-containing material. 
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but to the use of impure ATP. In the present investigation the availa- 
bility of crystalline ATP facilitated the testing of the proposed method for 
assaying ATP. 


Materials and Methods 


ATP (crystalline) and adenosine diphosphate (ADP) were obtained 
from the Sigma Chemical Company as sodium salts; concentrations in 
reaction mixtures were determined after analyses with myosin, and myo- 
sin and myokinase, as indicated below. EDTA was obtained from the 
Bersworth Chemical Company as the disodium salt. It was dissolved in 
a weak solution of potassium hydroxide and finally adjusted to pH 8 with 
potassium hydroxide. Reaction mixtures were made 0.004 m EDTA. 

Myosin was the so called myosin B and was prepared by the procedure 
given by Szent-Gyérgyi (11), except that extraction was carried out in an 
ice bath with stirring for 5 hours. Precipitation was accomplished by 
diluting the protein solution so that the KCl in it was made 0.03 M, at 
which concentration of salt myosin precipitates. The precipitate was 
packed by centrifuging and dissolved by adding sufficient KCl to make 
the solution 0.6 mM. The concentration of protein was taken as 6 times the 
nitrogen content (Kjeldahl). 

Myokinase was prepared by a slight modification (12) of the Colowick- 
Kalckar method (13). The concentrations of myokinase preparations 
were measured by the optical method of Warburg and Christian (cf. Bowen 
and Kerwin (12)). 

All enzymatic reactions were carried out in 0.05 m tris(hydroxymethyl)- 
aminomethane (Tris) buffer, pH 8, at 25-27°, and with shaking. Reac- 
tions were stopped by mixtures being made 4 per cent trichloroacetic acid. 
All analyses for phosphate were accomplished by the Fiske-Subbarow 
method, except that the concentration of ammonium molybdate solution 
was 4 per cent (12). 


EXPERIMENTAL 


Inhibition of Myokinase by EDTA—The method to be described for 
determining ATP and ADP in mixtures depends upon the ability of EDTA 
to inhibit myokinase which was first noted by Webster (9) and later con- 
firmed in this laboratory (8). In the present experiments it was found 
that the activity of 1 to 20 y of Colowick-Kalckar myokinase in the presence 
of three times precipitated myosin was 99.5 per cent inhibited by 0.004 
mM EDTA, and it was suspected that the activity represented by the 0.5 
per cent came from phosphate split from ATP, which may have contami- 
nated the ADP used for the tests. 

Extent of Dephosphorylation of ATP by Myosin B—In order for myosin 
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to be used for quantitative determination of ATP, its ability to dephos- 
phorylate ATP must be restricted to the third phosphate. We ascertained 


TABLE I 
Assay of ATP and ADP in Mixtures with Myosin and Myokinase 
Reaction mixtures consisted of three different proportions of ATP and ADP in 
aqueous solution. To 4 ml. of each were added 5.0 mg. of myosin B precipitated 
four times in 0.9 ml. of Tris buffer, pH 8, 225 mg. of solid KCl, and 0.1 ml. of 0.2m 
EDTA. To another 4 ml. of each were added the myosin as above, 0.25 mg. of 


myokinase, and 2.5 X 10-5 mole of CaClz. The reaction times were 15 minutes in 
all instances., 











le of nucleotide per ml. | . } 
are | ee | pana 
ATP ADP ae myokinase P ‘ 
0.189 | 0.091 0.191 0.476 0.094 
0.133 0.146 0.131 0.419 0.157 
0.076 0.200 0.080 0.360 0.200 











* The number of wmoles of phosphate split by myosin and myokinase (fourth 
column) minus 2 times that split by myosin alone (third column). 


TABLE II 
Determination of Labile Phosphate of AT'P with and without EDTA 
Reaction mixtures consisted of 24 ml. of crystalline ATP solution with 0.286 
umole per ml. (by optical density at 260 my), 5.4 ml. of 0.6 m KCl containing 30.0 
mg. of once precipitated myosin B, and 1.35 gm. of KCl. In addition, in one series 
0.6 ml. of 0.2 m EDTA was added, and in the other 0.6 ml. of 0.25 m CaCl. Samples 
were withdrawn for analysis at the times indicated. 























pmole of PO, split per ml. 
Time in 
With EDTA With CaClz 
min. 
0.231 

10 0.265 

15 | 0.275 0.550 

20 0.275 0.549 

30 | 0.276 0.552 

40 0.552 





the extent that myosin dephosphorylates ATP by incubating 0.2 mm 
crystalline’ sodium ATP with 1.0 mg. of myosin per ml. in the presence 
of EDTA. In 15 minutes the appearance of phosphate was completed 
(Table II). In the several tests of Tables I and II, the phosphate which 
appeared accounted for over 96 per cent of the spectrophotometrically 
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measured («€ = 16,000 at 260 mu) concentration of adenosine as ATP. 
In other tests 98 per cent was accounted for. Since the dephosphoryla- 
tion of ATP is non-reversible (14), these values were used to calculate 
from optical densities the absolute quantities of ATP added with ADP to 
reaction mixtures (Tables I and III). Concentrations of ADP were calcu- 
lated by the same method with 92 per cent as the purity factor. 

Ouellet et al. (6) showed that myosin does not dephosphorylate ADP. 
That ADP does not interfere in our procedures was also confirmed by as- 
certaining the ATP formed in mixtures of myokinase and 0.937 umole of 


TaBLe III 


Assay of ATP and ADP in Same Solution, with Myosin B As Both ATPase and 
M yokinase 
All reaction mixtures consisted of 4 ml. of ATP-ADP in 0.05 m Tris buffer, pH 8, 
to whieh were added 5.0 mg. of once precipitated myosin B in 0.9 ml. of 0.6 m KCl. 
For dephosphorylation of ATP only, 0.1 ml. of 0.2 m EDTA and 225 mg. of solid KCI 
were added. For dephosphorylation of ATP and ADP, 0.1 ml. of 0.25 m CaCl, was 
substituted for the EDTA and KCl. 








umole added per ml. pmole per ml. by analysis 














Mixture No. | naib . af ne 

ATP ADP | ATP ADP 
1 0.239 0.042 | 0.240 0.045 
2 0.184 0.099 0.187 0.101 
3 0.183 | 0.104 | 0.180 | 0.108 
4 0.147 0.146 0.146 0.141 
5 0.147 0.137 0.146 0.148 
6 0.092 0.208 | 0.092 0.198 
7 0.055 0.234 0.058 0.228 











ADP per ml. which had reached equilibrium. To 4 ml. of such a mixture 
were added 0.1 ml. of 0.2 m EDTA, 225 mg. of solid KCl, and 5.6 mg. of 
myosin B in 0.9 ml. of 0.35 m Tris buffer, pH 8, and 0.6 m KCl. After 
15 minutes the reactions were stopped and a convenient portion was ana- 
lyzed for phosphate. 

The ATP found in three such mixtures (0.285, 0.286, and 0.284 umole 
per ml.) indicates that the reactions had gone, respectively, to 60.8, 61.0, 
and 60.6 per cent of completion when they reached equilibrium. These 
values agree well with those in the literature (15, 16). The value of 57 
per cent can be calculated from the data of Eggleston and Hems (17). 
Consequently, we believe that no ATP escaped detection. 

Analysis of ATP and ADP in Miztures—In preliminary experiments 
we found that three or four times precipitated myosin B can be used with 
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confidence to analyze solutions for ATP by accelerating the dephosphory]- 
ation of the ATP and inhibiting any residual myokinase with EDTA. 
While the myokinase is thus inhibited, the myosin completely and rapidly 
dephosphorylates ATP to ADP and phosphate, and the phosphate liber- 
ated is a mole for mole measure of the ATP originally present (Table I). 

Once the ATP content of the solution is known, the ADP content can 
be ascertained by combining the action of myosin B and myokinase on 
another sample of the same solution. In the absence of EDTA and in the 
presence of CaCl: (16), myokinase rapidly dismutes the ADP to ATP and 
adenosine monophosphate (AMP). With the myosin present, the ATP 
formed is continually dephosphorylated, and finally all the ATP, or ATP 
and ADP, is reduced to AMP and phosphate. The ADP content then 
equals the phosphate split in excess of 2 times that split by myosin in the 
presence of EDTA (Table I). 

With such an effective method of inhibiting myokinase activity, the 
only protein which was actually needed for assaying ATP and ADP, either 
separately or together, was once precipitated myosin B. When EDTA 
was added to the mixture of once precipitated myosin B and ATP, no 
further dephosphorylation occurred after 15 minutes (Table II). Bailey 
(3) showed that five times precipitated myosin removed phosphate from 
ATP on a mole for mole basis, but 7 to 10 hours was necessary for the re- 
action to be completed.*? Steyn-Parvé and Gerritsen (5) found 2 hours 
to be adequate. 

When EDTA was omitted and CaCl, added to accelerate myokinase ac- 
tivity, the amount of phosphate removed from ATP was exactly 2 times 
that removed when the EDTA was added to inhibit the myokinase (Table 
II). The combined actions also required but 15 minutes. The results of 
Table II indicate that the myokinase of the once precipitated myosin B 
was adequate for dismutation of ADP and was completely inhibited by 
EDTA. 

To demonstrate that once precipitated myosin B is the only protein 
necessary to analyze a solution for each of ATP and ADP, myosin B was 
added to a mixture of ATP and ADP with and without EDTA. Calcium 
chloride was added to the mixture when EDTA was omitted. The results 
of several analyses are given in Table III, and show that, by applying the 
theoretical consideration demonstrated in Table I, ATP and ADP in mix- 
tures can be determined with a high degree of accuracy. 


* The gradual termination of Bailey’s dephosphorylations may have been due to 
the rather large ATP-myosin ratios (6.5 wmoles per mg.) that he used. Ours were 
0.3 umole per mg. Bendall (18) reports that all the ATP was split in 2 minutes in 
mixtures containing approximately 1 ymole of ATP per mg. of myosin. 
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SUMMARY 


A method is described for assaying ATP and ADP, either singly or to- 
gether. The method depends upon the inhibition of the myokinase ac- 


tivity and the acceleration of ATPase activity of once precipitated myosin 
B 


with ethylenediaminetetraacetic acid. 
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PLANT PHOSPHOLIPASE D 


II. INHIBITION OF SUCCINIC OXIDASE BY COTTONSEED 
PHOSPHOLIPASE D* 


By HARVEY L. TOOKEY anp A. K. BALLS 
(From the Department of Biochemistry, Purdue University, Lafayette, Indiana) 


(Received for publication, July 27, 1955) 


Enzymes releasing choline from lecithin are widely distributed in the 
plant kingdom. The first cases whose substrate specificity has been in- 
vestigated, namely the enzymes of cottonseed and cabbage leaves, are 
found to have substrates other than lecithin, e.g. phosphatidyl ethanol- 
amine, and are thus phospholipases (1). 

The phospholipases constitute a functional group of enzymes, for any 
modification of a phospholipide is apt to alter its physiological action. On 
the other hand, there is little, if any, apparent connection between the 
several classes of phospholipases from the standpoint of the sensitive bonds 
attacked. It is thus a matter of considerable interest that two phospho- 
lipases with different modes of action have been found to inactivate suc- 
cinic oxidase (2-5). Moreover, a similar inhibition of succinic oxidase is 
now shown to be produced by a third phospholipase with a third mode of 
action. Phospholipase D of cottonseed is observed to inhibit the succinic 
oxidase system and, to a lesse: degree, both succinic dehydrogenase and 
cytochrome oxidase. 

In view of the recent work on the separation of various components of 
succinic oxidase in a soluble form (6-8), it is difficult to interpret and 
reconcile the results of the several lines of investigation. We are present- 
ing some additional evidence which may aid in supplementing the concept 
of the réle played by the abundant phospholipide of the succinic oxidase 
system (9, 10). 


Materials and Methods 


Cottonseed phospholipase D has been prepared according to Tookey 
and Balls (1). The Step C preparation was used throughout. The assay 
for phospholipase D activity has also been given previously. 

The method of Ball and Cooper (9) was modified for the preparation of 
a suitable succinic oxidase. Ammonium sulfate interfered with the assay 
of phospholipase D. It was avoided by centrifuging Step B (of Ball and 


* Journal Paper No. 892 of the Purdue University Agricultural Experiment Sta- 
tion, Lafayette, Indiana, 
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Cooper’s method) at 13,280 X g for 20 minutes and then taking up the 
sedimented fraction in 0.10 m phosphate buffer at pH 6.5 to give a volume 
0.05 that of the diluted KCl extract (Step B). 

Oxygen consumption was measured at 37° by the conventional Warburg 
manometric procedure with air as the gas phase. Succinic oxidase activity 
was determined according to Ball and Cooper (9) in phosphate buffer at 
pH 7.4 in a final concentration of 0.075 m. Cytochrome oxidase activity 
was determined with 0.014 m p-phenylenediamine as a substrate with 
added cytochrome c (10° m) (9) in phosphate buffer at pH 7.4 in a final 
concentration of 0.075 m. Succinic dehydrogenase activity was deter- 
mined with 0.014 m sodium succinate as a substrate in the presence of 
0.001 m KCN and 0.007 per cent methylene blue (11) in phosphate 
buffer at pH 7.4 in a final concentration of 0.075 m. 


Results 


In order to measure the inhibitory effect of cottonseed phospholipase D 
on the succinic oxidase system, the two enzymes were incubated together, 
usually for 2 hours, at 30° prior to the manometric measurement of oxygen 
uptake by the succinic oxidase system. The conditions for optimal ac- 
tivity of the two enzymes vary; hence, the conditions of incubation were 
necessarily a compromise. The incubation mixtures were composed of 
0.1 ml. of 0.10 m phosphate buffer at pH 5.9,! 4 mg. of cottonseed phospho- 
lipase D in 0.2 ml. of H,O, 0.1 ml. of succinic oxidase preparation (1.2 to 
1.4 mg. dry weight per flask), and water to make a total volume of 0.5 ml2 
At the end of the incubation period, the other components were added, 
and the manometric assay was performed. Because the succinic oxidase 
may lose some activity on standing for 2 hours at 30°, the succinic oxidase 
and the controls were always incubated under the same conditions as the 
succinic oxidase and phospholipase D mixtures. 

The following controls were assayed parallel to the experiments, which 
were always run in duplicate: succinic oxidase without succinate, phos- 
pholipase D plus succinic oxidase without succinate, and phospholipase D 
plus succinate. Similar controls were performed when studying succinic 
dehydrogenase and cytochrome oxidase. 

A typical manometric assay showing succinic oxidase inhibition is pre- 
sented in Fig. 1. The inhibition of succinic oxidase by cottonseed phos- 
pholipase D varies with the time of incubation as shown in Fig. 2. 

Since the cottonseed preparation did not represent the pure enzyme, it 
was necessary to demonstrate that the phospholipase D, and not some 

1 This does not lower the pH in the final Warburg assay below 7.3. 


2 NaCl, when used, was added to give a concentration of 0.40 m in the incubation 
mixture and 0.07 m in the final Warburg assay. 
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other material in the preparation, was causing the inhibition of succinic 
oxidase. It is felt that the phospholipase D per se inhibits the succinic 
oxidase system for several reasons. 

First, inhibition of succinic oxidase is enzymatic, since boiled phospho- 
lipase D does not inhibit the system. The inhibition is accompanied by a 
small but measurable hydrolysis of the mitochondrial phospholipide (Table 
1). Unfortunately, these assays are not strictly comparable to the mano- 
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Fig. 1. Typical Warburg assays illustrating the inhibition of succinic oxidase by 
cottonseed phospholipase D preparation. The complete system is given in the text. 
SO, succinic oxidase; PLD, cottonseed enzyme; solid lines, assayed with no added 
NaCl; dotted lines, 0.07 m NaCl. 

Fia. 2. Dependence of succinic oxidase inhibition on time of incubation with cot- 
tonseed phospholipase D. The complete system of assay has been described in the 
text. 


metric assays, since relatively greater amounts of succinic oxidase were 
used in the former. Calculations show that the succinic oxidase present 
in the cephalin hydrolysis tests of Table I contained approximately 55 y 
of ethanolamine and serine nitrogen (9). Approximately 10 per cent of 
this quantity has been released, which compares roughly with the obser- 
vations of Nygaard and Sumner (2). 

Second, the inhibition of succinic oxidase is not due to end-products of 
the reaction between phospholipase D and succinic oxidase. A digest of 
these (under the same conditions as those used for the manometric assay) 
was boiled and then added to fresh succinic oxidase. No inhibition was 
observed. Furthermore, neither choline nor ethanolamine, in amounts 
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considerably greater than could be obtained by phospholipase D action, 
inhibits succinic oxidase. (100 y of choline nitrogen gave no inhibition; 
50 y of ethanolamine nitrogen inhibited succinic oxidase less than 4 per 
cent.) 

Third, the activating effect of NaCl on phospholipase D is paralleled by 
a greater inhibition of succinic oxidase when incubated with phospholipase 
D in the presence of NaCl. As previously reported (1), 0.4 m NaCl acti- 
vates cottonseed phospholipase D by approximately 65 per cent. One 
would expect, then, that the addition of 0.4 m NaCl would enhance the 
inhibition of succinic oxidase. This is the case, as presented in Table II. 


TABLE I 
Hydrolysis of Mitochondrial Phospholipide by Cottonseed Phospholipase D 








Experiment No. Control Digest | Net hydrolysis 
| 
yN | aN | 7 N 
1 14.0 | 20.5 | 7 
13.5 | 21.2 
2 16.0 21.0 5 
15.0 | 19.0 


The sum of ethanolamine and serine nitrogen was measured by the vacuum dif- 
fusion cell technique (1). In order to simulate the incubation conditions prior to 
the manometric assay of succinic oxidase activity, 18 mg. (dry weight) of the suc- 
cinic oxidase preparation (about 15 times the amount used in the manometric assays) 
were suspended in 1.0 ml. of 0.10 m phosphate buffer, pH 6.5. 20 mg. of the phos- 
pholipase D preparation (5 times the amount used in the manometric assays) were 
dissolved in 1.0 ml. of 0.10 m phosphate buffer, pH 5.9. The two solutions were mixed 
and the mixture was incubated for 2 hours at 30°. 





Fourth, an inhibitor of phospholipase D decreases the inhibition of suc- 
cinic oxidase by decreasing the phospholipase D activity. NaF, in 0.01 
M concentration, has been found to inhibit the action of cottonseed phos- 
pholipase D on phosphatidyl ethanolamine by 52 per cent. Under the 
same conditions, 0.01 m NaF in the incubating mixture of phospholipase D 
and succinic oxidase causes a similar drop in succinic oxidase inhibition. 
The correlation between the inhibition of the hydrolysis of phosphatidy] 
ethanolamine by phospholipase D and the prevention of succinic oxidase 
inhibition is good (Table ITI). 

Finally, the addition of an excess of soy bean phospholipide partially 
protects succinic oxidase from attack by phospholipase D. Succinic oxi- 
dase and phospholipase D were incubated in the presence of added soy 
bean “lecithin RG”.* Then succinic oxidase activity was determined in 


3 A refined soy bean phospholipide obtained from The Glidden Company, 
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TaBLeE II 





Effect of NaCl on Succinic Oxidase Inhibition by Cottonseed Phospholipase D 
1 | i 























Experiment 3* Experiment 4 

| ERE eran 

| sor | Ss [MURS sor | Ses | MBAS 

| | 

—--—| | 

[20min |"20.mine | 6H | Mip-mine | "20min | Pe em 
No added NaCl............. | 116 s i & 136 94 31 
In 0.40 m NaClf.... | 78 49 | 37 95 52 45 

| 





* Since batches of succinic oxidase vary, the O2 uptakes from separate batches are 
not directly comparable. 

+ The following abbreviations are used in Tables II to V: SO, succinic oxidase; 
PLD, cottonseed enzyme; SD, succinic dehydrogenase; cytox., cytochrome oxidase. 

t In the incubation mixture the concentration of NaCl was 0.40 m; this was di- 
luted to 0.071 m before the Warburg assays. The details of the assay are given in 
the text. 


TaBLeE III 
Effect of NaF on Succinic Oxidase Inhibition by Cottonseed Phospholipase D 











sO SO+PLD | Inhibition of SO 

: Pr age pl. O2 per 20 min. | pl. O2 per 20 min. | per cent ¥ 
=e oat 130 53 59 
0.01 m added NaF*..... ae 105 73 31 





All values are averages of duplicates. The complete system is described in the 
text. 


* Concentration in the incubation mixture; this was diluted to 0.0017 m before the 
manometric assay. 


TaBLe IV 


Protection of Succinic Oxidase by Soy Bean Lecithin RG 





? ee aciae 
Experiment 5 (5 mg. lecithin RG)|Experiment 6 (10 mg. lecithin RG) 


























| . so Inhibiti so Inhibiti 

| aad PLD | of$0| 80 | PLD | of $0” 

oy “ak orm coke oe ber cont 
No added lecithin RG | 95 | 45 | 53 89 | 39 56 
Lecithin RG..... s9 | 52 | 42 81 70 14 


reed | | | | 


All values are averages of duplicates. The complete system is described in the 
text. 

















20 SUCCINIC OXIDASE INHIBITION 


the Warburg apparatus (Table IV). These facts may be taken as evi- 
dence that the two substrates (soy bean lecithin RG and succinic oxidase) 
were competing for the same enzyme, #.e. phospholipase D. In view of the 
foregoing considerations, the inhibition of the succinic oxidase system is 
regarded as caused by phospholipase D activity per se. 


TABLE V 


Percentage Inhibitions of Various Components of Succinic Oxidase System 




















Experiment No. | so | SD Cytox. 
- = are. a Sa 
* 59 34 23 
8 56 36 14 
All values are averages of duplicates. The complete system is described in the 
text. 
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fe) a a 6 8 ie) 
MG. COTTONSEED ENZYME 
Fic. 3. Effect of cottonseed phospholipase D on the various components of the 
succinic oxidase system. Incubation conditions are the same as those given in the 
text except for the amount of phospholipase D. SD, succinic dehydrogenase; cytox., 
cytochrome oxidase. 


The effects of phospholipase D on various components of the succinic 
oxidase system are shown in Table V. Like experiments showing inhibi- 
tion of oxygen uptake as a function of the amount of phospholipase D 
present are illustrated in Fig. 3. The data of Table V and of Fig. 3 are 
derived from different batches of both succinic oxidase and phospholipase 
D and show some scatter. 


DISCUSSION 


The lipides of mitochondria appear to be necessary for the proper func- 
tion of the intact succinic oxidase system. Enzymatic destruction of 








even & 
accom 
a differ 
release 
glyceri 
Moreo 
lipides 
manne 
Thus, : 
the se’ 
the ob 
but ot! 

The 
patter) 
Other 
of the 
of a la 
dehydi 
tem, a 

In 2 
that tl 
any sé 
would 
reduce 
nor Wi 
cholat 
an art 
essenti 
ticles; 
occurr 

The 
leads 1 
in tha 
the su 
a poin 
has be 
found, 

4 Sla 
ination 
alized | 
of cyto 
a comy 
cytoch 


Ra — — 





H. L. TOOKEY AND A. K. BALLS 21 


even a part of the phospholipide, regardless of the site of enzyme action, is 
accompanied by an inhibition. Three enzymes, each capable of attack at 
a different site, cause succinic oxidase inhibition: phospholipase A (2-4) by 
release of a fatty acid, phospholipase C (4, 5) by hydrolysis to yield a di- 
glyceride, and now phospholipase D by release of a free nitrogenous base. 
Moreover, non-enzymic materials capable of dissolving or penetrating 
lipides are similarly capable of inhibiting succinic oxidase (7, 12). The 
manner of destruction of the phospholipides appears to be immaterial. 
Thus, as suggested by Edwards and Ball (4), the spatial disarrangement of 
the several catalysts composing the succinic oxidase system may explain 
the observed facts if these catalysts exist in a matrix of phospholipide, 
but other explanations are not ruled out (13). 

The presently reported inhibition by phospholipase D follows the same 
pattern as that found by Edwards and Ball (4) with phospholipase C. 
Other workers (2, 14-17) have reported proportionally greater inhibition 
of the over-all system than of the constituent parts. Yet an inspection 
of a large fraction of the published data‘ reveals no case in which succinic 
dehydrogenase and cytochrome oxidase, constituent enzymes of this sys- 
tem, are not also inhibited, even though to a far lesser degree. 

In a partly or completely disintegrated system, it might be expected 
that the individual enzymes would retain much of their activity, but that 
any sequential action referable to a spatial arrangement between them 
would be disturbed. As pointed out by Green et al. (18), a particulate 
reduced diphosphopyridine nucleotide oxidase contains no cytochrome c, 
nor will it reduce added cytochrome c. Yet, after treatment with deoxy- 
cholate, cytochrome c is introduced into the electron transfer sequence as 
an artifact. The work on soluble systems (6-8) clearly demonstrates the 
essential completeness of the system after disintegration of any large par- 
ticles; yet it does not evaluate any loss of over-all efficiency that may have 
occurred on disintegration. 

The spectacular effect of snake venoms and crotoxin, however (2, 15-17), 
leads to some doubt as to the validity of the spatial arrangement theory 
in that case. Cobra venom and crotoxin are very efficient inhibitors of 
the succinic oxidase system, which is completely destroyed by crotoxin at 
a point at which relatively little (about 10 per cent) of the phospholipide 
has been attacked (2). Yang and coworkers in Formosa (15-17) have 
found, however, certain fractions of cobra venom to be 2 to 10 times as 


‘Slater (14) reported that BAL did not inhibit cytochrome oxidase; yet, an exam- 
ination of his data shows definite inhibition of cytochrome oxidase, This is ration- 
alized by showing that no inhibition would occur in the presence of an infinite amount 
of cytochrome c. To our minds, it may also be interpreted as showing that BAL is 
a competitive inhibitor which competes with cytochrome c for the active group of 
cytochrome oxidase. 
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potent as crystalline crotoxin in inhibiting succinate-cytochrome c reduc- 
tase’ which was, moreover, protected by the presence of cytochrome c (15). 
This effect on a particular part of the succinic oxidase system appears to 
be due to an inhibitor that is devoid of phospholipase activity, for cobra 
venom that was nearly freed of phospholipase activity (heated at 100° 
for about 50 minutes) still retained its initial inhibitory activity against 
succinic oxidase (16). 

It must be admitted that these quite divergent views are due to a lack 
of facts (in a field that at first glance appears to have too many already). 
Mitochondrial phospholipide may, indeed, act as a cementing substance 
necessary for optimal succinic oxidase activity as proposed by Edwards 
and Ball (4). As a result of such a situation, one may speculate that, if 
the constituent enzymes are in fact rendered soluble, the need for spatial 
configuration disappears, but only at the sacrifice of considerable over-all 
efficiency. However, should one part of the lipide cement be attacked 
more than another, it seems reasonable to suppose that many variations 
of the behavior of the originally particulate system might be encountered, 
depending upon the locus, extent, and nature of the rupture in the original 
particle. A specific component (such as cytochrome e) between cyto- 
chrome b and cytochrome c may prove to be particularly vulnerable to 
phospholipase action. In this event it would be reasonable to suppose 
that a phospholipide specifically necessary for this particular interaction 
had been disrupted. Yet the possibility of a direct attack by the phos- 
pholipase (or some contaminant thereof) on the component itself may not 
be lightly dismissed, for the specificity of the “phospholipases” is as little 
known today as was that of the ester-splitting proteinases a few years ago. 


SUMMARY 


Succinic oxidase prepared from beef heart is inhibited by cottonseed 
phospholipase D. That the inhibition is caused by phospholipase action 
per se is indicated by the following facts: (1) The inhibition is enzymatic 
and is accompanied by measurabie hydrolysis of the mitochondrial phos- 
pholipide. (2) The inhibition is not caused by end-products of the reac- 
tion between succinic oxidase and phospholipase D. (3) Correlation is 
shown between the enhancement of inhibition in the presence of 0.4 m 
NaCl and the activating effect of NaCl upon phospholipase D. (4) Simi- 
larly, a decrease in the inhibition of succinic oxidase is shown in the presence 
of 0.01 m NaF, an inhibitor of phospholipase D. (5) The addition of soy 
bean lecithin RG protects succinic oxidase from attack by the phospholi- 
pase D. 


5 The term is used here to denote that activity of succinic dehydrogenase whereby 
cytochrome c is reduced, as determined by Cooperstein et al. (19). 
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Inhibitions of the parts of the succinic oxidase system follow the order 


succinic oxidase, succinic dehydrogenase, cytochrome oxidase. 


The réle of the abundant phospholipide present in succinic oxidase 


preparations has been discussed. 
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PREFERENTIAL HYDROLYSIS OF GLUCOSIDIC BONDS OF 
MALTO-OLIGOSACCHARIDES BY SALIVARY AMYLASE* 


By JOHN H. PAZUR anp TANIA BUDOVICH 


(From the Department of Biochemistry and Nutrition, College of Agriculture, 
University of Nebraska, Lincoln, Nebraska) 


(Received for publication, July 15, 1955) 


It is generally believed that salivary amylase effects a random hydrolysis 
of the a-1,4-glucosidic bonds of starch, amylose, amylopectin, and malto- 
oligosaccharides (1, 2). Such a mechanism of action should result in the 
production of a homologous series of a-1 ,4-glucosyl oligosaccharides during 
the enzymolysis of these compounds. Recent studies (3-5) have indi- 
cated that only three low molecular weight oligosaccharides, namely malt- 
ose, maltotriose, and maltotetraose, were produced during the early stages 
of enzyme action on starch or amylose, and that, on prolonged enzyme 
action or at high concentrations of enzyme (6), the tri- and tetrasaccharides 
were further hydrolyzed to glucose and maltose. At no stage of the di- 
gestion was a series of oligosaccharides produced. It would appear then 
that a preferential hydrolysis of glucosidic bonds in starch and amylose 
had occurred to yield the low molecular weight hydrolytic products. 

In view of the foregoing considerations, it might be expected that the 
glucosidic bonds in malto-oligosaccharides would also be hydrolyzed at 
different rates by the amylase. To test this possibility, maltopentaose-1- 
C", maltohexaose-1-C,“ and maltoheptaose-1-C“ were prepared in pure 
form and were subjected to the action of crystalline salivary amylase. 
In order to study the enzyme action in the initial stages of the hydrolysis, 
low concentrations of enzyme and short digestion periods were employed. 
The reducing products from the radioactive oligosaccharides were sepa- 
rated and identified by paper chromatography. Radioactivities of the 
products were determined by conventional counting procedures and by 
radioautography. The results of our experiments are presented in this 
paper. 


Materials 


Enzyme—A sample of crystalline salivary amylase was kindly supplied 
by Dr. Jytte Muus, Department of Physiology, Mount Holyoke College, 
South Hadley, Massachusetts. This sample had been recrystallized four 
times by a procedure described in the literature (7). A small sample of 

* Published with the approval of the Director as Paper No. 699, Journal Series, 
Nebraska Agricultural Experiment Station. 
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the crystalline enzyme was dissolved in 5 ml. of 0.2 N sodium hydroxide 
adjusted to pH 10.3 with 1 m phosphoric acid. On solution of the enzyme, 
the hydroxide was rapidly neutralized to pH 6.8 by addition of 1 m phos- 
phoric acid. 1 ml. of this solution was diluted to 100 ml. with 0.1 m phos- 
phate buffer of pH 6.8. a-Amylase activity in the diluted solution was 
measured by the method of Sandstedt, Kneen, and Blish (8) and was 
found to be 0.025 unit per ml. This diluted solution was used as the en- 
zyme source in all of the experiments reported in this paper. 

Malto-oligosaccharides—Pure maltopentaose and maltohexaose were pre- 
pared from amylose by the procedure of Whelan, Bailey, and Roberts (9). 
1.0 gm. of amylose was refluxed in 20 ml. of 0.1 N hydrochloric acid for 1 
hour. The cooled solution was neutralized with solid sodium carbonate 
and concentrated to approximately a 5 ml. volume. A paper chromato- 
gram of the hydrolysate revealed the presence of a series of low molecular 
weight oligosaccharides in the solution. The first six members of the 
series were separated by paper chromatography, as previously described 
(6). The maltopentaose and maltohexaose were extracted from the 
chromatograms with water into separate test-tubes, the water extract of 
each compound was concentrated in vacuo to a 5 ml. volume, and the 
concentration of oligosaccharide in the solution was determined by the 
diphenylamine colorimetric procedure (6) and was then adjusted to 0.008 
mM by appropriate dilution with water. On paper chromatography of the 
solutions, a single homogeneous spot was obtained for each solution, indi- 
cating homogeneity in the preparations. The Rr value of one spot was 
identical with the Ry value of the fifth member (maltopentaose) of the 
amylose series, while the Ry value of the other spot was identical with the 
sixth member (maltohexaose) of the series. The specific rotation of the 
maltopentaose was +175° (c 0.5, water), with literature values +180.3° 
(9) and +179.4° (10), and of maltohexaose it was +177° (c 0.5, water), 
with a literature value +184.7° (9). 

The procedure used for the preparation of maltoheptaose from cyclo- 
heptaamylose is described in the literature (11). The maltoheptaose so 
prepared gave one distinct spot on a paper chromatogram with an Ry 
value identical to that of the seventh member of the amylose series. The 
specific rotation of the sample was +178.5° (c 1, water), literature values 
+176° (11) and +186.4° (9). 0.008 m solution of maltoheptaose was 
prepared and was used in all subsequent experiments. 

Malto-oligosaccharides-1-C"—Samples of 2 mg. of glucose-1-C™ (5 ue.) 
and 12 mg. of cyclohexaamylose were dissolved in 0.1 ml. of water and 
mixed with 0.1 ml. of Bacillus macerans amylase solution (1.5 units (12) of 
enzyme activity per ml.). The digest was mixed thoroughly and placed 
in an incubator at 37° for 18 hours, At the end of this time the enzyme 
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was inactivated by heat. A qualitative paper chromatogram indicated 
that a series of oligosaccharides had been produced from these substrates 
by the coupling and redistribution action of B. macerans amylase (13). 
The Ry values of these compounds corresponded to those of the series 
produced by acid hydrolysis of amylose, indicating a similarity of struc- 
ture for the compounds of the two series (14). According to radioactivity 
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Fic. 1. A paper chromatogram (A) and a radioautograph (B) of the products in 
a digest of maltopentaose-1-C™ and salivary amylase. G,, glucose; Ge, maltose; 
G;, maltotriose; G,, maltotetraose; G;, maltopentaose; Ge, maltohexaose; and R, 
reference malto-oligosaccharides. 


measurements, all of the oligosaccharides in the enzyme digest were radio- 
active. That macerans amylase converts glucose-1-C“ and cyclohexa- 
amylose into malto-oligosaccharides labeled in the 1 position has been 
established in a previous study (15). 

The solution of the radioactive oligosaccharides was placed along the 
bottom of a paper strip in a continuous and uniform streak. The chro- 
matogram was developed in a solvent system of n-butyl alcohol-pyridine- 
water (6:4:3 by volume) by nine ascents of the solvent. The dried chro- 
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matogram was placed in contact with Kodak no-screen x-ray film for 6 
days. In the developed film, it was evident that a separation of the first 
seven members of the series had occurred and it was used for locating the 
position of the radioactive oligosaccharides on the original chromatogram. 
Portions of the chromatogram containing the pure maltopentaose, malto- 
hexaose, and maltoheptaose were extracted with water into separate test- 











___iME _ (HOURS) _ 


Fig. 2. A paper chromatogram (A) and a radioautograph (B) of the products in 
a digest of maltohexaose-1-C™ and salivary amylase. G:, glucose; G2, maltose; 
G;, maltotriose; G,, maltotetraose; Gs, maltopentaose; Gs, maltohexaose; and R, 
reference malto-oligosaccharides. 


tubes. The water extract of the radioactive oligosaccharides was taken to 
dryness in a vacuum oven. The dried samples were redissolved in 0.05 
ml. of 0.008 m solutions of the compounds under study. These solutions 
were then used as substrates for the crystalline amylase. 


Methods 


Enzymatic Digest of Maltopentaose-1-C''—0.05 ml. of approximately 
0.008 m maltopentaose-1-C" solution was mixed with 0.05 ml. of salivary 
amylase solution. An aliquot of 0.01 ml. of the mixture was placed on a 
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chromatogram immediately after addition of enzyme and heated at 100° 
for 5 minutes. Subsequent samples were placed on the chromatogram at 
1 and 6 hours and treated as above. The chromatogram was developed 
in an n-butyl! alcohol-pyridine-water solvent by six ascents of the solvent. 
In order to locate the radioactive products in the digest, a radioautograph 
of the chromatogram was prepared; for locating the reducing products, the 
paper chromatogram was sprayed with copper sulfate and phosphomo- 
lybdic acid reagents (16). A photograph of the chromatogram and its 
radioautograph is reproduced in Fig. 1. 

Enzymatic Digest of Maltohexaose-1-C'\—0.05 ml. of approximately 0.008 
m solution of maltohexaose-1-C™ was treated with 0.05 ml. of the solution 
of crystalline amylase. Samples of the digest were analyzed for reducing 


TABLE I 
Radioactivities of Products in Digest of Maltoheptaose-1-C'4 with 
Crystalline Salivary Amylase 














A | Time 
Compound poms 

0 hr. | 1 hr. | 6 hrs. 
| | c.p.m. | c.p.m. | c.p.m. 
Maltose......... ..| 0.76 40 | 610 | 1160 
Maltotriose....... 0.54 20. | 830 1340 
Maltotetraose. ... Foner 0.33 50 630 980 
Maltoheptaose..... 0.06 | 5640 3560 | 1870 


! 





* The apparent Ry values (six ascents of the solvent) are obtained by dividing 


the distance to which the individual compounds have moved by the total height of 
the paper. 


sugars and for radioactive compounds by the methods of the previous ex- 
periment. A photograph of the chromatogram and radioautograph is 
reproduced in Fig. 2. 

Enzymatic Digest of Maltoheptaose-1-C'\—0.05 ml. of the maltoheptaose- 
1-C™ solution (0.008 m) was mixed with 0.05 ml. of the amylase solution. 
The composition of the digest was determined at 0, 1, and 6 hours by 
qualitative paper chromatography. The apparent Ry values of the re- 
ducing sugars in the digest are recorded in Table I. The radioactivities 
of these compounds were measured directly on the paper chromatograms 


with a thin walled mica tube and a Tracerlab scaler and are also recorded 
in Table I. 


RESULTS AND DISCUSSION 


The results in Fig. 1 demonstrate that, in the initial attack of salivary 
amylase on maltopentaose, maltose and maltotriose were the major hy- 
drolytic products. These products would result by cleavage of either 
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bond 2 or bond 3 of the pentasaccharide.! Although the terminal bonds of 
maltotriose are susceptible to further hydrolysis by the amylase (6), the 
absence of glucose in the digests indicates that at the low concentration of 
enzyme employed in these experiments little hydrolysis of the terminal 
bonds of the trisaccharide or of the pentasaccharide occurred. Cleavage 
of bond 2 of maltopentaose-1-C™ would yield maltose-1-C™ and non-radio- 
active maltotriose, while cleavage of bond 3 would yield maltotriose-1-C" 
and non-radioactive maltose. In a visual comparison of the intensities of 
the maltose and maltotriose spots in the radioautograph (Fig. 1), the 
radioactivity of the maltose was considerably greater than that of the 
maltotriose. Therefore, the initial attack of salivary amylase on the pen- 
tasaccharide occurred much more readily at bond 2 than at bond 3. As 
pointed out above, little hydrolysis of bonds 1 and 4 of the pentasaccharide 
occurred at the concentrations of enzyme and substrate employed in this 
study. 

Inspection of Fig. 2 reveals that maltose, maltotriose, and maltotetraose 
were produced from maltohexaose in the initial stages of amylase action. 
On the basis of the relative radioactivities of the compounds produced 
from maltohexaose-1-C" (Fig. 2), the preferred point of enzyme attack on 
the maltohexaose appears to be at bond 2! to yield maltose-1-C™ and non- 
radioactive maltotetraose. Bond 3 of the hexasaccharide was hydrolyzed 
quite rapidly to yield radioactive and non-radioactive maltotriose, while 
bond 4 was hydrolyzed only at a very slow rate to yield non-radioactive 
maltose and maltotetraose-1-C™“. Although the radioactivity of the malto- 
tetraose-1-C“ was barely detectable by radioautography (Fig. 2), it was 
readily measurable by conventional counting methods. As in the case of 
the pentasaccharide, at the very low enzyme concentration, the terminal 
bonds (Nos. 1 and 5) of maltohexaose were not hydrolyzed at an appreci- 
able rate. 

The action of salivary amylase on maltoheptaose resulted in the libera- 
tion of maltose, maltotriose, and maltotetraose. All of these products 
were radioactive (Table I). Although the kinetics of hydrolysis of the 
heptasaccharide are considerably more complex than for the other two 
oligosaccharides, the values in Table I point to a preferential hydrolysis 
of the glucosidic bonds of maltoheptaose. 

Whelan and Roberts (17) have calculated the ratio of maltose to malto- 
triose which would be expected if all the susceptible linkages in malto- 
hexaose were hydrolyzed at the same rate. Analytical values presented 


by Whelan and Roberts supported this type of action pattern for salivary 


amylase. However, the results in Figs. 1 and 2 and Table I indicate that 


1The glucosidic bonds of malto-oligosaccharides are numbered consecutively 
fro the reducing end of the molecule. 
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the glucosidic bonds in malto-oligosaccharides vary considerably in their 
rate of hydrolysis by salivary amylase. 


SUMMARY 


1. Maltopentaose-1-C™, maltohexaose-1-C", and maltoheptaose-1-C"™ 
were prepared from glucose-1-C™ and cyclohexaamylose by use of the 
coupling and redistribution reactions of Bacillus maccrans amylase. 

2. The reducing products formed during the early stages of hydrolysis 
of these oligosaccharides by crystalline salivary amylase have been sepa- 
rated and identified by paper chromatographic methods. 

3. The differences in the radioactivities of the products from these oligo- 
saccharides indicate that salivary amylase effects a preferential hydrolysis 
of the glucosidic bonds in malto-oligosaccharides. 
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Two approaches have been used in studying the biosynthesis of amino 
acids from acetate by Saccharomyces cerevisiae. In the first approach, the 
organism is grown on glucose as the major carbon source. A small amount 
of radioactive acetate is added to the actively growing cells, and the radio- 
activity in the resulting protein amino acids is determined (1-4). In the 
second approach, the cells are grown on unlabeled glucose. After the 
desired population level is reached, the cells are centrifuged, washed, and 
placed in a fermentor with a small amount of radioactive acetate as the 
sole source of carbon (5-12). After an incubation period, the cells are 
defatted and hydrolyzed directly. This gives total recovery of free and 
protein amino acids. When the second of the approaches described above 
is carried out, any amino acid synthesized during the period of incubation 
with acetate as the sole carbon source is probably synthesized from acetate. 
All amino acids synthesized during the acetate incubation period will be 
labeled unless they are synthesized from intermediates accumulated during 
the growth period. If an amino acid is unlabeled, one can only assume that 
it cannot be synthesized from acetate under the conditions of the experi- 
ment. 

The first approach, on the other hand, yields information regarding the 
participation of acetate as an intermediate when the amino acid is syn- 
thesized from glucose. 

In all of the experiments described in the literature, aerobic growth con- 
ditions have been claimed. However, data reported in all of these papers 
on the yields of cells based on the carbon source suggest that an insufficient 
amount of oxygen was present for truly aerobic conditions (13). 

In the experiments described here, the organism was grown with glu- 
cose as the main carbon source and in the presence of tracer amounts of 
C“H;COOH. The organism was grown in the presence of oxygen and 
also under completely anaerobic conditions. The yeast protein from these 
two experiments was hydrolyzed, and the specific activities of the com- 
ponent amino acids were determined. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This project was supported in part by a grant from the Red 
Star Yeast and Products Company, Milwaukee, Wisconsin. 


33 











AMINO ACID BIOSYNTHESIS BY YEAST 


EXPERIMENTAL 


Determination of Glucose—Glucose was determined by the method of 
Shaffer and Somogyi (14). 

Determination of Yeast Dry Weight—Yeast dry weight was determined 
by the gravimetric and the indirect turbidimetric methods outlined by 
Maxon and Johnson (13). 

Determination of Carbon Dioxide—Carbon dioxide from the anaerobic 
fermentation was caught in a KOH trap. After addition of BaCl, to the 
trap to precipitate the CO. as BaCO;, the excess KOH was titrated with 
standard acid to a phenolphthalein end-point. Free hydroxide in an 
equal sample of stock alkali was then similarly titrated, and the difference 
in the two titrations corresponded to the quantity of CO, absorbed. 

Determination of Acetic Acid—For the purpose of these experiments an 
analytical method had to be used which was capable of determining acetic 
acid at a concentration as low as 10 N in 2 to 5 ml. samples. Titration 
with 0.001 n Ba(OH), with a glass electrode as an indicator was found to 
be suitable for this analysis. With this method, reproducibility of results 
is possible within a maximal error of 10 per cent from the mean. However, 
most of the determinations were reproducible within +5 per cent of the 
mean. 

To prepare a sample for analysis by this method, 1 ml. of culture broth 
was acidified with H,SO, to a pH of less than 2 (thymol blue). The sample 
was then steam-distilled by being placed in a small Vigreux type absorp- 
tion tower through which steam was passed in an upward direction. An 
upward current of steam kept the sample in the tower and gave good gas- 
liquid contact. The distillate was collected in a 10 ml. volumetric flask. 
Part of the contents of the volumetric flask were titrated with the Ba(OH)>. 
The remainder of the distillate was saved for radioactivity analysis. 

Determination of Amino Acids—The amino acids were quantitatively 
determined by the ninhydrin method of Moore and Stein (15) or by the 
micro-Kjeldahl method of Johnson (16). Because of the rapidity of the 
analysis, the ninhydrin method was used to determine the amino acid 
content of the effluent from the Dowex 50 column (see the section on the 
isolation of the amino acids). Because of its greater accuracy and because 
the same nitrogen standard can be used for all amino acids, the micro- 
Kjeldahl method was used to determine amino acids for specific activity 
calculations. 

Determination of Radioactivity—Samples for radioactivity analysis were 
diluted to the desired volume with 0.01 n NaOH containing sufficient 
gelatin to give the solutions a final dry weight concentration of 5 mg. 
of solids per ml. 1 ml. of these solutions was pipetted onto a copper 
planchet 5 sq. cm. in area. The radioactivity was determined with a gas 
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flow counter, and the counts were corrected for coincidence and for self- 
absorption. Sufficient counts (>1100) were obtained in all determinations 
to make the probable counting error less than 2 per cent. 

Growth of Yeast under Aerobic Conditions—Organisms from a 24 hour-old 
stab of Saccharomyces cerevisiae Y-30 were transferred into 45 ml. of Me- 
dium A (Table I) in a 500 ml. Erlenmeyer flask that had been indented to 
increase aeration (17). This medium is essentially the medium of Olson 
and Johnson (18) from which all carbon sources other than glucose have 
been removed (sodium citrate, asparagine). The flask was placed on a 


TaBLeE I 
Media for Aerobic and Anaerobic Growth of S. cerevisiae Y-30 














| Aerobic Medium A ese 4 
gm. | gm. 
NE irinsiniGk Ren KE Rok phES Case seen eee 5.0 150.0 
cy visor pcan eenteae CentER a ersER 10.0 15.0 
CE Rea er tee tn era ce arene eae 4.0 6.0 
NG So kids id casttam las eaerele are vse aen 1.5 2.25 
EPO OC Ce 2.25 
EEA cas ieee ale Nace a ey eed 0.2 0.3 
PE eee ee ee rey 5.0 7.5 
EES ore clot Grn ios vs La tee seks oe ewan 100.0 150.0 
Thiamine hydrochloride. ...................... 44.0 66.0 
Pyridoxine hydrochloride...................... 12.° 18.0 
I Sd Ns 6 5 rane anas aananree Sane 17.6 26.4 
FeSO,(NH,)2S0,-6H20...................00000- 10.5 15.75 
PE art's Basics tS aavtad Sod ee lees Sean 0.96 1.45 
ENON <5 ei ctniivanie suid kueasionek <orewd To 1 liter, pH 4.2 | To 1 liter 





Gump rotary shaker, and sterile air was bled into the flask during the 
growth period. Under these conditions, effective aeration (18) in the 
flask was 4.5 to 5.0 mmoles of O, per liter per minute. After 20 hours, 1 
ml. of this inoculum was transferred into a second indented Erlenmeyer 
growth flask containing 45 ml. of Medium A. This flask was aerated and 
shaken in the same manner as was the inoculum until all the glucose and 
ethanol were gone. At this time, continuous feeding was begun by the 
technique of Soltero and Johnson (19). The feeding medium had the 
following composition in gm. per 100 ml.: glucose 15; NH,H2PQO, 7.5; 
C“H;COOH 0.012 (30 X 10° c.p.m.); KOH 2.5. The feeding rate was 
slowly increased from 0.22 ml. per hour to 1.16 ml. per hour over a period 
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of 18 hours, after which time the fermentation was stopped. Samples were 
taken at 2 hour intervals and analyzed for pH value, cells, and alcohol. 
If all of the glucose had been added initially, more than half of it would 
have been fermented to alcohol and carbon dioxide, even in the presence 
of excess oxygen. With the feeding technique used, no alcohol was de- 
tected at any time during the fermentation. It can therefore be con- 
cluded that the fermentation was entirely aerobic. 

Growth of Yeast under Anaerobic Conditions—Medium B in Table I was 
used for the anaerobic growth of the yeast. In addition, 0.219 m.eq. of 
C“H;COOH with a specific activity of 4.88 X 108 ¢.p.m. per mmole was 
added to the growth flask before inoculation. The anaerobic growth flask 
was a 500 ml. Erlenmeyer flask with a capillary tube sealed into the side 
near the bottom. This tube was used for bubbling nitrogen through the 
fermentor and for the removal of samples. 

The inoculum for this fermentation was prepared in a manner identical 
with that for the aerobic fermentation. In the anaerobic growth experi- 
ment the fermentor was charged with 200 ml. of Medium B and inoculated. 
Air was swept from the fermentor by flushing with nitrogen for 15 minutes. 
The fermentor was then closed to air and placed on a reciprocating shaker. 
Exit gases from the fermentor were bubbled through an alkali trap to 
remove the CQO,. Inclusion of nicotinamide in the anaerobic medium 
produced a marked stimulation of growth. This is in agreement with 
unpublished observations of Chiao and Peterson of this laboratory. 

Isolation of Amino Acids—For both the aerobic and the anaerobic fer- 
mentations, the yeast protein was isolated by the method of Gilvarg and 
Bloch (4). The protein was hydrolyzed with a formic acid-hydrochloric 
acid mixture as described by Miller and du Vigneaud (20), and the amino 
acids were separated on a Dowex 50 column by the HCI elution method of 
Stein and Moore (21). 

Paper Chromatography of Amino Acids—The purity of each amino acid 
was confirmed by paper chromatography by the method of Clayton and 
Strong (22). Standard amino acids were run in the same chamber with 
the unknown amino acids so that valid Ry comparisons could be made. 


RESULTS AND DISCUSSION 


Growth of Yeast under Aerobic Conditions—The aerobic fermentation was 
stopped after slowly feeding the carbohydrate and the acetate for 18 hours. 
At the end of the fermentation, a total of 2.11 gm. of glucose had been 
utilized by the yeast, and at no time during the phase of slowly feeding the 
carbon source was ethanol detectable in the medium. Carbohydrate analy- 
sis during this period showed that the glucose was utilized as fast as it was 
fed. A total of 0.94 gm. of yeast (dry weight) was produced, giving an 
over-all yield of yeast (dry weight) based on glucose of 44.6 per cent. 
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Of the 11.4 X 10° c.p.m. of C“H;COOH added to the fermentor, 10.7 x 
10° c.p.m. (94 per cent of the added radioactivity) were taken up by the 
yeast. 

Growth of Yeast under Anaerobic Conditions—The anaerobic fermenta- 
tion was completed in less than 48 hours. The yield of cells (dry weight 
basis) in this fermentation was 4.5 per cent (1.08 gm. of cells from 24.0 gm. 
of glucose). Of the 10.7 X 10’ c.p.m. of C'H;COOH added to the fer- 
mentor, 10.4 X 10’. c.p.m. (97 per cent of the added radioactivity) were 
taken up by the yeast. 




















TaBLe II 
Radioactivity of Compounds from Aerobic and Anaerobic Fermentations 
Aerobic fermentation Anaerobic fermentation 
Compound te J 5 . . 
— Radioactive . Radioactive 
Specifi Specifi 
activity | Saruenspst | activity | pnd 
c.p.m. per wmole c.p.m. per umole 
Aspartic acid........... 444 0.608 55 =| «= (0.0058 
Gatemic * oo... ees 1164 1.60 9,475 | 1.007 
RONG. 5 ocean ses scess 71 0.0975 44 | 0.0047 
Sree 70 0.0962 20 | 0.0021 
re 464 0.637 2,660 0.282 
Isoleucine.............. 281 0.386 
Leucine........ 688 | aaa eens aed 
ree es 2990 | 4.10 | 43,600 4.63 
Arginine.......... | 1430 1.96 15,770 1.67 
Tyrosine. ... | 54 | 0.0714 | 





* Calculated on the basis of a specific activity of 728 c.p.m. per umole of acetate 
methyl in the aerobic fermentation and a corresponding figure of 9420 c.p.m. in the 
anaerobic experiment. 


Radioactivity of Amino Acids—The specific activities of the amino acids 
from the yeast grown under aerobic and anaerobic conditions are given in 
Table II. From these data, it can be seen that a greater total amount of 
radioactivity entered the amino acids in the anaerobic fermentation than 
in the aerobic fermentation. The main reason for this difference is that 
approximately 10 times as much radioactivity was added to the anaerobic 
fermentation as to the aerobic fermentation. In order to compare the 
amino acid radioactivity data from these two fermentations, a common 
point of reference must be used. The specific activity of an amino acid 
formed anaerobically could be compared with its activity when formed 
aerobically only if the specific activity of the intracellular acetate were 
known in each case. In the anaerobic yield, the average specific activity 
of the intracellular acetate can readily be deduced. Anaerobically, oxal- 
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acetate cannot be formed from succinate. Therefore, citrate is formed 
anaerobically from non-radioactive oxalacetate and methyl]-labeled acetate. 
This methyl label would be expected to be found intact as the only label 
in glutamic acid. The specific activity of the intracellular acetate is there- 
fore considered to be the same as that of the glutamic acid. 





Triose 
(30) 
HOOC - CH, - CO - CooH «——+©92—— cH, - CO - COOH 
(30) (31.5) (31.5) (7) ge (31.5) (31.5) (7) ——— from tracer 
Pas CH, - COOH + Co 
HOOC - CH, - CO - COOH (728) (31.5) (1) 
(103) (451.5) (451.5) (103) 
HOOC - CH, - CO - COOH 
55) (175) (175) (40 
(55) (175) (175) (40) COOH (31.5) 
' 
CH, (728) 
' 
HOOC - CH, - C - COOH 
HOOC - CH, - CH, - COOH 5) 75) (40) 
(103) (451.5) (451.5) (103) (175) 
CO, (40) 
HOOC - CH, - CH, - COOH < ' HOOC - CO - CH, - CH, - COOH 
(175) (175) (728) (31.5) (55) (175) (175) (728) (31.5) 
CO, (55) 


Fic. 1. Calculated specific activities (counts per minute per micromole) of the 
Krebs cycle intermediates in the aerobic fermentation. In making the calculation, 
it was assumed that the specific activity of the intracellular CO2 was 30 c.p.m. per 
umole, and that the specific activities of the intracellular pyruvate, oxalacetate, and 
a-ketoglutarate were those observed in the isolated alanine, aspartic acid, and glu- 
tamic acid, respectively. An internally consistent set of specific activities for inter- 
mediates could be obtained only when specific activities for intracellular CO, in the 
neighborhood of 30 c.p.m. per umole were assumed. 


In the aerobic fermentation, calculation of the specific activity of the 
intracellular acetate is more difficult. If the specific activity of the intra- 
cellular carbon dioxide were known, an accurate calculation would be pos- 
sible. However, it can be shown that the calculated value of the specific 
activity of the intracellular acetate does not change greatly with the as- 
sumed value of the specific activity of the carbon dioxide. The results 
obtained when it is assumed that the specific activity of the carbon dioxide 
is 30 c.p.m. per umole are shown in Fig. 1. It will be noted that, in Fig. 1, 
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it is assumed that the methyl carbon of acetate has a specific activity of 
728 c.p.m. per umole, and that 34 per cent of the oxalacetate arises from 
succinate, while 66 per cent arises from pyruvate by addition of carbon 
dioxide. The distribution of labeling shown in Fig. 1 is the only distribu- 
tion consistent with the observed specific activities of alanine, aspartic 
acid, and glutamic acid. A similar calculation was made on the assump- 
tion that the specific activity of the carbon dioxide was only 18 ¢.p.m. per 
umole. The resulting value for the acetate methyl group did not change. 
The largest change observed when this calculation was made was that the 
6-carboxyl of oxalacetate (and corresponding carbon atoms derived from 
it) changed in specific activity from 47 to 55 c.p.m. per umole. The per- 
centage of the oxalacetate derived from pyruvate is changed only from 66 
to 65.4. 

On the basis of a calculated specific activity of 728 c.p.m. per umole of 
acetate methyl aerobically, and 9420 c.p.m. per umole (9475 minus 55) 
anaerobically, the second and fourth columns of Table II were calculated. 

Aspartic Acid and Alanine—In any organism growing anaerobically, the 
tricarboxylic acid cycle cannot function as a cycle. Succinate can be 
formed anaerobically via the cycle, but cannot be oxidized to fumarate. 
Hydrogen acceptors having a sufficiently high oxidation-reduction poten- 
tial are not present in the absence of oxygen. Oxalacetate therefore can- 
not be formed from succinate, but only by condensation of carbon dioxide 
with a 3-carbon compound, presumably phosphoenolpyruvate (23). It 
would be expected, therefore, that oxalacetate and aspartate would not be 
labeled in the anaerobic fermentation since pyruvate and carbon dioxide 
should be unlabeled. This expectation was realized, as may be seen from 
Table II. Aerobically, oxalacetate is radioactive. Under these condi- 
tions oxalacetate can be formed via the tricarboxylic acid cycle. Oxal- 
acetate must also be formed from pyruvate to make up the deficiency 
caused by utilization of cycle intermediates for synthesis of amino acids 
and other cell constituents. The proportion of the oxalacetate formed 
aerobically from pyruvate, as calculated from the observed specific ac- 
tivity of aerobically formed aspartate, appears in Fig. 1. 

Anaerobically, pyruvic acid should not be radioactive. Hence anaerobi- 
cally formed alanine is not radioactive. Aerobically, pyruvic acid acquires 
radioactivity by partial equilibration with oxalacetate. Hence, aerobically 
formed alanine is radioactive. The amount of equilibration taking place, 
as calculated from the observed specific activity of the alanine, is presented 
in Fig. 2. 

Glutamic Acid—Under both aerobic and anaerobic conditions the carbon 
chain of glutamic acid is formed by a condensation of radioactive acetate 
with oxalacetate and a “forward” functioning of the tricarboxylic acid 
cycle as far as a-ketoglutarate. Therefore, both fermentations will yield 
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radioactive glutamic acid. There will be a higher proportional amount of 
radioactivity in the aerobic glutamic acid, however, for, in the presence of 
oxygen, oxalacetate will acquire radioactivity by functioning of the Krebs 
cycle. As has been seen, anaerobic oxalacetate is not radioactive. 
Arginine—Since the accepted precursors of the carbon skeleton of argi- 
nine are glutamic acid and carbon dioxide, the specific activity of this 
amino acid should be equal to the sum of the activities of these two com- 


0. 82 moles triose 
0. 469 moles CO9 
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Fic. 2. Calculated balance of the Krebs cycle reactions in the aerobic fermen- 
tation. The values were calculated from the specific activities of pyruvate and 
oxalacetate given in Fig. 1, and by use of the simplifying assumptions that pyruvate 
is used only to form acetate and oxalacetate and that all of the losses in the Krebs 
cycle (by formation of amino acids and other compounds) occurred at the a-keto- 
glutarate stage. 


pounds. This sum is 1.64 aerobically and 1.008 anaerobically. These 
values differ significantly from the experimentally found activities for this 
amino acid (1.96 aerobically, 1.66 anaerobically). Therefore, there must 
be at least one more pathway which forms arginine from a more highly 
radioactive precursor than glutamic acid. 

Lysine—The high radioactivity of the lysine molecule under both aerobic 
and anaerobic conditions suggests that an acetate pathway must exist’ for 
the biosynthesis of this amino acid. This pathway probably operates 
independently of the presence of oxygen. 
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Other Amino Acids—Valine and isoleucine were found to contain an 
intermediate amount of radioactivity, aerobically, while glycine and tyro- 
sine had a low radioactivity under these conditions. Anaerobically, iso- 
leucine-leucine had high radioactivity, while valine possessed an inter- 
mediate amount of activity. Glycine and alanine contained essentially 
no radioactivity anaerobically. 

Until degradation experiments are carried out to determine the position 
of the labels in all of the amino acids, no definite information can be given 
concerning any of the biosynthetic pathways. 

The data of Fig. 1 enable some interesting deductions to be made re- 
garding the pathway of carbohydrate oxidation in the aerobic fermenta- 
tion. From the fact that the pyruvate has 18 per cent as much total 
specific activity as the pyruvate-forming carbon atoms of oxalacetate, it 
may be concluded that 18 per cent of the pyruvate was formed from oxal- 
acetate and 82 per cent from triose. From this value, and from the ap- 
parent formation of 66 per cent of the oxalacetate from pyruvate, the 
relations shown in Fig. 2 may be deduced. It should be emphasized that 
a number of simplifying assumptions have been made in making the cal- 
culations for Fig. 2. It has been assumed (a) that the only routes of 
disappearance of pyruvate have been by formation of acetate and oxal- 
acetate, and (b) that all of the losses in the tricarboxylic acid cycle (by 
formation of amino acids and other compounds) were losses at the a-keto- 
glutarate stage. If the specific activity of the carbon dioxide produced by 
the reactions of Fig. 2 is calculated, a value of 32.5 c.p.m. per umole is 
obtained. This is consistent with the value assumed in calculating the 
values in Fig. 1. Furthermore, the calculated loss (0.289 mole of tricar- 
boxylic acid cycle intermediate per 0.82 mole of triose entering the oxida- 
tion cycle) is consistent with the loss necessary to synthesize the amount 
of protein actually found in the yeast formed during the fermentation. If 
a substantial amount of glucose oxidation occurred by a pathway other 
than the tricarboxylic acid cycle, the observed loss ratio would have been 
higher. 


SUMMARY 


Growth experiments were carried out on Saccharomyces cerevisiae Y-30 
in the presence of tracer amounts of acetate-2-C. Glucose was used as 
the major carbon source. The organism was grown in the presence of 
excess oxygen and also under completely anaerobic conditions. In the 
aerobic fermentation a yield of cells (dry weight) of 44.6 per cent based 
on glucose was obtained. The anaerobic yield of cells (dry weight) based 
on glucose was 4.5 per cent. 

Protein was isolated from the aerobically and anaerobically grown yeast. 
The protein was hydrolyzed with acid, and the amino acids were separated 
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on a Dowex 50 column. The specific activities of the amino acids from 
the two fermentations were compared. 

Aerobically, the highly radioactive amino acids include lysine, arginine, 
and glutamic acid. The amino acids with intermediate radioactivity in- 
clude valine, aspartic acid, and isoleucine. Amino acids with low radio- 
activity include glycine, alanine, and tyrosine. 

Anaerobically, highly radioactive amino acids include lysine, arginine, 
glutamic acid, and isoleucine-leucine. Valine has an intermediate amount 
of radioactivity. Amino acids with little or no radioactivity include as- 
partic acid, glycine, and alanine. 

The major difference in the aerobic and anaerobic biosynthesis of amino 
acids appears to be in the formation of aspartic acid. Aerobically, this 
amino acid is formed from radioactive oxalacetate that has equilibrated 
with acetic acid by way of the Krebs cycle. Anaerobically, the Krebs 
cycle cannot function as such. Under these growth conditions, aspartic 
acid is probably formed by a C;-C; condensation from non-radioactive 
intermediates. 

Calculations of interrelationships between oxalacetic acid, pyruvic acid, 
and glutamic acid are consistent with the theory that the Krebs cycle is 
the major oxidative pathway in this organism. 
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CARBOHYDRATE OXIDATION BY PSEUDOMONAS 
FLUORESCENS 


V. EVIDENCE FOR GLUCONOKINASE AND 2-KETOGLUCONOKINASE* 


By 8S. A. NARROD anv W. A. WOOD 


(From the Laboratory of Bacteriology, Department of Dairy Science, University of 
Illinois, Urbana, Illinois) 
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Extracts of Pseudomonas fluorescens oxidize glucose by two pathways: 
(a) a cytochrome-linked oxidation without substrate phosphorylation in- 
volving gluconate and 2-ketogluconate as intermediates (1), and (b) a 
pyridine nucleotide-linked oxidation of glucose-6-phosphate to 6-phos- 
phogluconate (2). In the latter sequence, two routes for 6-phosphoglu- 
conate degradation are present, one forming pentose-5-phosphate, 
sedoheptulose-7-phosphate (2), and fructose-6-phosphate and glucose-6- 
phosphate (3) as in liver (4) and plants (5, 6) and the other forming 
2-keto-3-deoxy-6-phosphogluconate (7), pyruvate, and p-glyceraldehyde- 
3-phosphate (8) by enzymes similar to those discovered in Pseudomonas 
saccharophila (9, 10). 

Although growing cultures oxidize glucose to carbon dioxide with the 
transient accumulation of gluconate (11), 2-ketogluconate (11), pyruvate, 
and a-ketoglutarate (12), and resting cell suspensions oxidize 2-ketoglu- 
conate with the evolution of carbon dioxide (13), glucose oxidation by dried 
cells and extracts of P. fluorescens (1) and Pseudomonas aeruginosa (14) 
proceeds quantitatively to 2-ketogluconate. Attempts to demonstrate 
the further degradation of 2-ketogluconate or the phosphorylation of 
glucose and gluconate (2) have been unsuccessful. 

The demonstration of an inducible 2-ketogluconokinase in Aerobacter 
cloacae by DeLey (15) which results in the formation of 2-keto-6-phospho- 
gluconate and other phosphate esters, including phosphoglycerate and 6- 
phosphogluconate (16, 17), and the finding of a similar phosphorylation in 
P. fluorescens (18) which initiates the production of pyruvate have indi- 
cated the presence of a new pathway of carbohydrate degradation in these 
organisms. ‘ 

The data to be presented demonstrate the existence of separate kinases 
for gluconate and 2-ketogluconate phosphorylation in P. fluorescens which 
are induced by the presence of their substrates. The isolation and char- 


* This research was supported in part by a grant-in-aid from the National Science 
Foundation. An account of this research was presented at the annual meeting of 
the Society of American Bacteriologists, Pittsburgh, Pennsylvania, May, 1954. 
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acterization of the product of 2-ketogluconate phosphorylation as 2-keto- 
6-phosphogluconate are described. 


Methods 


Bacteriological—Large quantities of P. fluorescens A3.12 were grown with 
aeration of a glucose-salts medium, washed, and dried in vacuo as de- 
scribed previously (1). Crude enzyme extracts were prepared by resus- 
pending the dried cells (50 mg. per ml.) in water and subjecting the sus- 
pension to sonic vibration for 5 minutes in a 10 ke., 200 watt oscillator. 
After centrifugation at 5000 X g, the supernatant solution contained the 
kinase activities. The protein concentration was approximately 35 mg. 
per ml. 

The cells used in kinase induction experiments were grown 18 hours in 
a medium containing 0.3 per cent of ammonium sulfate, 0.3 per cent of 
dipotassium phosphate, 0.7 per cent of magnesium sulfate, and 5 p.p.m. of 
ferric ion as ferric chloride. 1 per cent of asparagine was added as the sole 
source of carbon and energy. 

Materials—Calcium 2-ketogluconate-3H2O, 98 per cent pure, was ob- 
tained from Dr. Frank Stodola, Northern Regional Research Laboratory, 
Peoria, Illinois. Solutions of sodium 2-ketogluconate (100 umoles per ml.) 
were prepared by treating the calcium salt with Dowex 50, followed by 
neutralization with sodium hydroxide and dilution to volume. Dipotas- 
sium adenosine triphosphate (ATP) and disodium adenosine diphosphate 
(ADP) were purchased from the Pabst Brewing Company. Intestinal 
alkaline phosphatase was obtained from Armour and Company, and 6- 
phosphogluconate dehydrogenase was prepared from brewers’ yeast by 
the method of Horecker and Smyrniotis (19). 

Determinations—Reducing substances were determined by the copper 
reagent of Shaffer and Somogyi (20) and the Nelson arsenomolybdate 
reagent (21). Pyruvate was estimated by the method of Friedemann and 
Haugen (22), and protein was determined by the procedure of Lowry et al. 
(23). Orthophosphate was determined by the Fiske-Subbarow procedure 
(24) with Elon (p-methylaminophenol sulfate) as the reducing agent. 

Enzyme Assays—Routine measurements of kinase activity were per- 
formed by the bicarbonate method of Colowick and Kalckar (25). Cor- 
rections were not made for errors resulting from increased carbon dioxide 
retention by the carboxy] group of the substrate and products, or resulting 
from the formation of acid by the further degradation of the phosphoryla- 
tion product. The assay procedure of Crane and Sols (26) was not appli- 
cable, since other reducing compounds were formed by the degradation of 
the phosphorylation product. With dialyzed kinase preparations, which 
did not produce pyruvate from gluconate or 2-ketogluconate plus ATP, 
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transphosphorylation was followed by measuring the decrease in acid- 
stable phosphorus (27). 


Results 


The rates of transphosphorylation from ATP to gluconate or to 2-keto- 
gluconate by crude extracts of P. fluorescens appear in Fig. 1. As is evi- 
dent from the rate of CO, evolution with ATP alone, the extracts also con- 
tained appreciable adenosinetriphosphatase (ATPase) activity. The rate 
with gluconate plus ATP or with 2-ketogluconate plus ATP, however, was 
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Fig. 1. Gluconokinase and 2-ketogluconokinase activity of P. fluorescens. The 
Warburg vessel contained 0.3 ml. of 0.43 m sodium bicarbonate, 0.3 ml. of 0.1 m mag- 
nesium chloride (30 umoles), 0.3 ml. of 0.1 m ATP (30 wmoles), 1.0 ml. of enzyme 
extract (20 mg. of protein per ml.), 0.3 ml. of 0.1 m gluconate or 2-ketogluconate (30 
umoles), and 1.1 ml. of water. The gas phase was 95 per cent N2-5 per cent COs. 
The incubation temperature was 30°. 


approximately twice that of ATP alone; hence the kinases and ATPase 
were present in approximately equal concentrations. Phosphorylation of 
glucose, fructose, and 5-ketogluconate was not observed by this procedure. 
ADP did not substitute for ATP as a phosphate donor. 

Gluconokinase activity also was followed optically at 340 my by coupling 
the transphosphorylation reaction with the oxidation of 6-phosphoglu- 
conate. Thus in the presence of excess yeast 6-phosphogluconate dehy- 
drogenase, gluconate phosphorylation resulted in equivalent reduced tri- 
phosphopyridine nucleotide (TPNH) formation (Fig. 2). In a reaction 
mixture containing TPN, the crude kinase preparation, and 6-phospho- 
gluconate dehydrogenase, TPN reduction did not occur when gluconate 
was added, but was initiated by adding ATP (lower curve), Also, TPN 
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reduction did not occur when gluconate and ATP were incubated with 
yeast 6-phosphogluconate dehydrogenase, but was initiated by adding the 
kinase preparation (upper curve). Thus, gluconate, ATP, and P. flu- 
orescens extract were required for TPN reduction by yeast 6-phospho- 
gluconate dehydrogenase. 

Dialysis against 0.1 m tris(hydroxymethyl)aminomethane (Tris) buffer 
containing 2.5 X 10-* m Versene decreased both gluconokinase and 2-keto- 
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Fig. 2. Spectrophotometric determination of gluconokinase activity. Condi- 
tions: The cuvettes (3.0 ml., 1 em. light path) contained 0.3 ml. of 0.25 m glycylgly- 
cine buffer (pH 7.4), 0.2 ml. of sonic extract (20 mg. of protein per ml.), 0.3 ml. of 
TPN (1.4 wmoles per ml.), 0.03 ml. of 6-phosphogluconate dehydrogenase (15 units 
per mg. of protein), 0.1 ml. of 0.1 ATP (10 wmoles), 0.1 ml. of gluconate (10 umoles), 
0.3 ml. of 0.1 Mm magnesium chloride, and 1.37 ml. of water. 

Fia. 3. Activation of 2-ketogluconate phosphorylation by magnesium ions. The 
conditions are as in Fig. 1, except that a dialyzed extract was used and magnesium 
chloride was added as indicated. 


gluconokinase activity to approximately 15 per cent of the original value. 
The activity could be restored completely by the addition of magnesium 
ions (0.01 m). The response of 2-ketogluconokinase of Mg*+ is shown in 
Fig. 3. Mn** was partially effective in activating both kinases. Cot, 
Nit, Fe**, and Ca** were not tested because these ions formed insoluble 
carbonates. 

The phosphorylation of both gluconate and 2-ketogluconate initiates a 
series of reactions which ultimately results in the formation of an a-keto 
acid (Fig. 4). Since 6-phosphogluconate dehydrase (7) and 2-keto-3- 
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deoxy-6-phosphogluconate aldolase (8) are present in these extracts, the 
6-phosphogluconate formed by gluconokinase action is further degraded to 
pyruvate and glyceraldehyde-3-phosphate. The a-keto acid formed from 
2-ketogluconate was identified as pyruvate (28). In this case, however, 
the pathway to pyruvate has not been defined. 
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Fic. 4. Keto acid formation accompanying gluconate and 2-ketogluconate phos- 
phorylation. The 3 ml. reaction mixture contained 1.5 ml. of sonic extract (20 mg. 
of protein per ml.), 0.5 ml. of tris(hydroxymethyl)aminomethane buffer (pH 7.4), 
0.3 ml. of 0.1 m magnesium chloride, and 0.3 ml. of 0.1 m ATP (30 uwmoles), and 0.3 
ml. of 0.1 m gluconate or 2-ketogluconate (30 umoles) was added. a-Keto acids were 
determined on aliquots at the times indicated and are expressed as pyruvate. 

Fig. 5. Induced formation of gluconokinase and 2-ketogluconokinase. Kinase 
assays were performed as described in Fig. 1. Dried P. fluorescens, used as the 
kinase source, were initially grown in an asparagine medium, then transferred asep- 
tically, and subcultured in the same medium containing a secondary energy source 
of 0.5 per cent each of 2-ketogluconate, gluconate, or asparagine. The substrates 
gluconate and 2-ketogluconate were added as indicated. 


Induction of Gluconokinase and 2-Ketogluconokinase—Extracts of cells 
grown on asparagine as a source of carbon and energy, harvested and 
treated identically with glucose-grown cells, are devoid of gluconokinase 
and 2-ketogluconokinase. In order to demonstrate the induced formation 
of gluconokinase and 2-ketogluconokinase, i.e. formation in response to 
the specific substrate, cells were grown on asparagine, aseptically harvested, 
and divided into three portions. These were resuspended in aliquots of 
sterile mineral medium, each containing 0.5 per cent of a different carbon 
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source; viz., asparagine, gluconate, or 2-ketogluconate. These cultures 
then were incubated 4 additional hours with shaking, during which time 
growth occurred. The cells were harvested, washed, and dried in vacuo, 
and enzyme extracts were prepared as described for glucose-grown cells. 
Assays for gluconokinase and 2-ketogluconokinase (Fig. 5) revealed that 
cells incubated with 2-ketogluconate contained an active 2-ketoglucono- 
kinase and a small amount of gluconokinase amounting to 12 to 14 per cent 
of the 2-ketogluconokinase activity. The extract of gluconate-grown cells, 
like that of cells grown on glucose, contained equal amounts of both 
gluconokinase and 2-ketogluconokinase. This was expected since 2- 
ketogluconate is formed by oxidation of gluconate. Similar extracts of as- 
paragine-grown cells were devoid of either kinase. As with extracts of glu- 
cose-grown cells, phosphorylation of 2-ketogluconate by gluconate- and 
2-ketogluconate-grown cells resulted in pyruvate formation. 

The low but definite gluconokinase activity of 2-ketogluconate-grown 
cells may result from a non-specific phosphorylation of gluconate by 2- 
ketogluconokinase or from the ability of 2-ketogluconate to act as a weak 
inducer of gluconokinase formation. The considerably greater amount of 
2-ketogluconokinase relative to gluconokinase indicates, however, that 
separate enzymes are involved in the phosphorylation of these hexonic 
acids. 

Fractionation of 2-Ketogluconokinase—Since the product of 2-ketoglu- 
conate phosphorylation by crude extracts was rapidly degraded and could 
not be isolated, partial purification of 2-ketogluconokinase from extracts 
of glucose-grown cells was undertaken. 

Extraction—5 gm. of dried cells were suspended in 1C0 ml. of water and 
ruptured by 5 minutes of sonic vibration. After centrifugation at approxi- 
mately 100,000 X g, which sedimented the respiratory particles, the kinase 
activity was recovered in the supernatant solution. 

Protamine Precipitation—15 ml. of protamine sulfate solution (20 mg. 
per ml., pH 5.0) were added to each 100 ml. of enzyme preparation. The 
precipitate, which formed immediately, was removed by centrifugation at 
20,000 X g and discarded. The ratio of optical densities at 280 and 260 
mu of the supernatant solution was 0.80 (6.5 per cent nucleic acid). The 
addition of more protamine sulfate reduced the kinase activity. 

Ammonium Sulfate Precipitation—17.4 gm. of ammonium sulfate were 
added to each 100 ml. of supernatant solution from the protamine step, 
and the precipitate was removed by centrifugation and discarded. An 
additional 17.4 gm. of ammonium sulfate were added to the supernatant 
solution. The precipitate was collected by centrifugation and redissolved 
in one-fourth the original volume. This precipitate contained about 46 
per cent of the 2-ketogluconokinase with proportionally less gluconokinase 
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and ATPase. The system forming pyruvate from 2-ketogluconate was 
reduced 10-fold (Table I). Dialysis for 18 hours against 0.01 m Tris buffer, 
pH 7, containing 10~* m sodium Versenate, enhanced the activity of glu- 
conokinase, 2-ketogluconokinase, and ATPase, presumably by removal of 
ammonium sulfate. 

These fractionation steps destroyed the system which forms pyruvate 
from 2-ketogluconate plus ATP, decreased the ATPase about 3-fold, and 
altered the ratio of 2-ketogluconokinase to gluconokinase 2- to 3-fold. 

Isolation of Phosphorylation Product—Unlike the crude extracts which 
formed pyruvate from 2-ketogluconate plus ATP, the partially purified 
preparation phosphorylated 2-ketogluconate with the accumulation of a 
phosphate ester. A large amount of ester was produced in a reaction mix- 
ture containing 20 ml. of 2-ketogluconokinase preparation (15 mg. of pro- 
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tein per ml.), 1 mmole of 2-ketogluconate, 1 mmole of ATP and water to a 
volume of 50 ml. Transphosphorylation was followed by titration of the 
acid liberated with 0.03 n NaOH so as to maintain pH at 7.4. ATPase was 
estimated by the liberation of orthophosphate. After 2 hours at 30° an 
additional 0.3 mmole of ATP and 5 ml. of kinase preparation were added, 
and the incubation was continued an additional hour. The amount of 
phosphate ester formed (calculated as the millimoles of acid produced 
minus the millimoles of inorganic phosphate formed) was 0.9 mmole. 15 
ml. of saturated barium acetate were added, the pH was adjusted to 3.5, 
and the protein- and barium-insoluble compounds were removed by cen- 
trifugation. Excess barium acetate was added to the supernatant solu- 
tion, and saturated barium hydroxide was added to pH 8.3. The phos- 
phate ester was precipitated by adding 3 volumes of 95 per cent ethanol. 
After dissolving the precipitate in water and removing the barium, excess 
barium acetate was added, the pH was adjusted to 3.5 with HBr, and the 
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acid barium salt was precipitated by addition of 4 volumes of ethanol. The 
ester was converted to the free acid by treatment with Dowex 50, then to 
the ammonium salt by neutralization with 5 n NH,OH and drying in 
vacuo. The isolated material contained adenine nucleotides and inorganic 
phosphate. These were removed by chromatographing the ammonium 
salt on powdered Whatman No. 1 cellulose in a 5 X 52 em. column. 0.5 
mmole of the ester was dissolved in the developing solvent (methanol- 
NH,OH-H,0O; 68:2:30), applied to the top of the column, and the col- 
umn developed with 2 liters of solvent. A peak with reducing power 
and organic phosphorus was eluted between 800 and 1100 ml. of sol- 
vent. It overlapped slightly an orthophosphate peak, but was distinct 
from those of 2-ketogluconate and adenine nucleotides. Fractions eluted 
before the appearance of inorganic phosphate were pooled, the solvent was 
removed by vacuum distillation, and the residue taken up in water. The 
yield was 0.3 mmole of phosphate ester which was devoid of absorption at 
260 my, inorganic phosphate, and 2-ketogluconate. 

Identification of 2-Keto-6-phosphogluconate—Boiling the phosphate ester 
in 1 N HCl for 10 minutes did not release inorganic phosphate, which 
indicated the presence of a stable phosphate linkage similar to that of 6- 
phosphogluconate. The phosphate group was removed by treatment with 
alkaline phosphatase in a reaction mixture containing 0.5 ml. of alkaline 
phosphatase (4 mg. per ml. of protein), 1 ml. of 0.1 N Veronal buffer (pH 
9.6), 0.5 ml. of 0.1 Nn MgCle, and water to 3 ml. (29). 0.60 umole of phos- 
phate ester (estimated as 2-ketogluconate with copper reagent) was added, 
and the mixture was incubated at 37° for 40 minutes. An orthophosphate 
determination showed a release of 0.65 wmole of phosphate, which is 
slightly in excess of the amount of ester added. 

Incubation of the phosphate ester with semicarbazide reagent at 37°, 
according to the method of MacGee and Doudoroff (10) for 2-keto-3-deoxy- 
6-phosphogluconate, did not cause semicarbazone formation; however, 
after boiling for 30 minutes, a semicarbazone was formed which had an 
absorption maximum and a molar extinction at 350 my identical to that of 
2-ketogluconate semicarbazone. Treatment with 2,4-dinitrophenylhy- 
drazine reagent did not yield a 2,4-dinitrophenylhydrazone as measured 
by the procedure for pyruvate (22). 

The quinoxaline derivative of the phosphate ester, the dephosphoryla- 
tion product, and 2-ketogluconate was prepared by heating 0.5 mmole 
of each compound with 1 ml. of 1 N o-phenylenediamine hydrochloride 
according to the method of Lanning and Cohen (30). All three compounds 
had an absorption maximum at 335 my and a 320:360 mu ratio of 1.5. 
This ratio has been obtained with ketohexonie acids (30). 

The phosphate ester and the dephosphorylated compound were chro- 
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matographed on paper in several solvent systems and detected with four 
spray reagents. The chromatograms giving the best separations are sum- 
marized in Table II. Of the six solvents tested, water-saturated phenol, 
acetone-trichloroacetic acid-water (35:15:65) and methanol-ammonium 
hydroxide-water (60:10:30) afforded a separation of 2-ketogluconate and 
the phosphate ester. The Ry values of 2-ketogluconate were 0.40, 0.68, 
and 0.60, while those of the phosphate ester were 0.0, 0.43, and 0.46, 
respectively. With water-saturated phenol and methanol-ammonia the 
dephosphorylated compound migrated identically with 2-ketogluconate. 





























TaB_e II 
Properties of Product of 2-Ketogluconate Phosphorylation 
| | 
Test Phosphate ester 2-Ketogluconate = 
Derivatives | | 
Semicarbazone | Maximum, 350 myz| Maximum, 350 my| 
Quinoxaline “ 335“ " 335 “ | 
| 320/360 = 1.5 320/360 = 1.5 | 
Chromatography, Rp 
MeOH-NH,OH-H:0 (60: | 0.46 0.60 0.60 
10:30) 
Phenol-H,O 0.00 0.40 0.40 
Acetone-25% TCA 0.43 0.68 
(35:65) 
Spray reactions 
Cu arsenomolybdate Blue Blue Blue 
Semicarbazide Ultraviolet-ab- Ultraviolet-ab- Ultraviolet - 
| sorbent sorbent absorbent 
NH, molybdate-HClO; | Blue Colorless Colorless 
p-Anisidine | Brown | Brown | Brown 
o-Phenylenediamine | Purple | Yellow-green | Yellow- 
| green 





Further identification and differentiation of the phosphate ester were 
given by its reaction to spray reagents (Table II). All three compounds 
gave a brown spot with p-anisidine hydrochloride (31) and reduced alka- 
line copper reagent (20), and formed a semicarbazone detectable by ultra- 
violet absorption (32). o-Phenylenediamine hydrochloride (30) produced 
a yellow-green spot with the ester, whereas 2-ketogluconate and the de- 
phosphorylated compound gave a purple spot with this reagent. The 
presence of a blue spot after spraying with the phosphate reagent also 
differentiated the phosphate ester from 2-ketogluconate. 

These data show that the phosphate ester contains the 2-ketogluconate 
moiety and one acid-stable phosphate per mole of reducing substance cal- 











o4 GLUCONOBINASE AND 2-KETOGLUCONOKINASE 
culated as 2-ketogluconate, and provide evidence that the ester is 2-keto. 
(§-phosphogluconate. 

As observed with 2-ketogluconate plus ATP, the isolated and purified 
ester in the absence of ATP is converted to pyruvate by crude extracts, 
indicating its rédle as an intermediate in the pathway from 2-ketogluconate 
to pyruvate. 


DISCUSSION 


The foregoing data demonstrate the existence of gluconokinase and 2- 
ketogluconokinase in P. fluorescens and indicate that at least two path- 
ways, both involving phosphate esters, may be utilized in converting glu- 


PATHWAYS TO PYRUVATE — Fseudomonas fluorescens 


2 Op 1/2 O2 
GLUCOSE ——————~ GLUCONATE —————= 2- KETOGLUCONATE 











| 
4 ATP ATP | Mg** ATP | Mg’* 
! 
! DPN 
GLUCOSE-6-PO, —>5,— 6-PHOSPHOGLUCONATE 2-KETO-6-PHOSPHO- 
GLUCONATE 
Fe GSH 
PENTOSE-PO, 2-KETO-3-DEOXY- (INTERMEDIATE ) 


6-PHOSPHOGLUCONATE 


GLYCERALDEHYDE- <__> PYRUVATE <_> Cs 


PO, DPN 
Fic. 6. Alternate pathways to pyruvate in P. fluorescens 


cose to pyruvate. In this organism, which does not contain hexokinase or 
an intact glycolytic mechanism (2), alternative pathways are available in 
which one or two oxidations precede phosphorylation (1) (Fig. 6). Thus 
in one pathway involving gluconate phosphorylation a single oxidation 
(glucose to gluconate) precedes phosphorylation and a second occurs after 
phosphorylation in either one of two routes: (a) dehydration of 6-phos- 
phogluconate, cleavage of the 2-keto-3-deoxy-6-phosphogluconate formed 
to G-3-P and pyruvate, and oxidation of the glyceraldehyde-3-phosphate 
(7, 8), or (6) oxidation of 6-phosphogluconate by 6-phosphogluconate de- 
hydrogenase (2), presumably to form pentose phosphate. In the alterna- 
tive pathway, glucose is oxidized in two steps to 2-ketogluconate. 2-Keto- 
gluconate is phosphorylated apparently on the 6th carbon and converted 
under anaerobic conditions to pyruvate by a series of undefined reactions, 
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oto SUMMARY 
fied Pseudomonas fluorescens contains distinct inducible kinases for gluconate 
cts and 2-ketogluconate phosphorylation. The product of gluconate phos- 
“ie phorylation has been identified enzymatically as 6-phosphogluconate. The 

product of 2-ketogluconate phosphorylation has been identified as 2-keto- 

§-phosphogluconate by paper chromatography, acid-stable organic phos- 

phate content, reactivity with semicarbazide, o-phenylenediamine, and 
19. | alkaline copper reagent. Treatment with phosphatase yielded 2-keto- 
1th. | gluconate and an equivalent amount of inorganic phosphate. 
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STUDIES ON THE BIOSYNTHESIS OF CARBAMYLASPARTIC 
ACID* 


By JOHN M. LOWENSTEIN anv PHILIP P. COHEN 


(From the Department of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, September 19, 1955) 


In the first paper of this series (1), evidence was presented that carbamy] 
aspartate is formed from a carbamy]-donating intermediate and aspartate 
in the presence of rat liver preparations. As the intermediate in question 
was prepared under conditions which were known to form the carbamy|- 
donating intermediate involved in the formation of citrulline from orni- 
thine (2), it was assumed that the two intermediates were identical. Re- 
cently, Jones, Spector, and Lipmann (3), and Knivett and Marshall,! 
succeeded in demonstrating that carbamyl phosphate is the carbamyl- 
donating intermediate involved in citrulline formation by Streptococcus fae- 
calis and that it plays a similar réle in liver. Marshall, Hall, and Cohen 
(4) have published evidence that the intermediate formed by rat liver prepa- 
rations and isolated by them does not contain a glutamate derivative as 
was supposed previously ((5), cf. (6)) and cannot be distinguished chemi- 
eally or enzymatically from CP.? 

Evidence is presented in this paper that the formation of CA proceeds 
by the reaction: aspartate + CP— CA-+ inorganic phosphate. The 
properties and distribution of the enzyme catalyzing the formation of CA 
and studies on the scope of the CP-amino acid transcarbamylation reac- 
tion are reported. The question of an acetyl glutamate requirement for 
the formation of CP is examined in relation to CA synthesis. The in- 
fluence of chemically prepared CP on the reaction of the animal inter- 
mediate with aspartate has been investigated. The biosynthesis of CA 
has also been studied by Reichard (7) and by Reichard and Hanshoff (8). 


Methods 


Enzyme Preparations—Tissues were excised, chilled, cut into small 
pieces, and homogenized in isotonic KC] in a glass homogenizer (9), under 


* This investigation was supported in part by a research grant (No. A-540(CS)) 
from the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Public Health Service, and the Wisconsin Alumni Research Foundation. 

' Unpublished. 

2 The abbreviations used in this paper are CA, carbamy] aspartate; CP, carbamy] 
phosphate; DEA, diethanolamine-diethanolamine hydrochloride; Tris, tris(hydroxy- 
methyl)aminomethane-tris(hydroxymethyl)aminomethane hydrochloride; MIA, mo- 
noiodoacetate; PCMB, p-chloromercuribenzoate. 
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ice-cold conditions, for 1 minute. Stomach and small intestine were slit 
open and rinsed with cold, isotonic KCl. The mucosa was then removed 
from the muscular tissue by gentle scraping with a spatula, suspended in 
isotonic KCl, and homogenized. 

Low and high speed supernatant solutions of liver were prepared by 
centrifuging 10 per cent isotonic KCl homogenates at 2000 X g for 30 
minutes or at 12,000 X g for 45 minutes, respectively. Supernatant 
solutions of other tissues were prepared similarly from 20 per cent homog- 
enates. 

Protein was determined by a modified biuret method. 

Ion Exchange Chromatography. System 1a—The resin used was Dowex 2 
formate, 200 to 400 mesh, 10 per cent cross-linked, in columns of 1.0 em. 
internal diameter and a resin bed length of 5.0cm. The reaction mixtures 
were deproteinized with HC1O, (final concentration 0.3 N) at 0°, centri- 
fuged, neutralized with KOH to pH 8, and centrifuged. 4.0 ml. aliquots 
were placed on and allowed to soak into the columns. 1.0 ml. of water 
was used to wash down the walls of each column. This was followed by 
70 ml. of 0.19 m ammonium formate-formic acid buffer,? pH 3.0. The 
first 75 ml. to pass through the column constituted Fraction 1. A further 
75 ml. of the same buffer were then passed through the columns and con- 
stituted Fraction 2. The latter contained all of the CA. It contained no 
other radioactive products when the source of CA was a reaction mixture 
of chemically or enzymatically prepared radioactive CP. At the conclu- 
sion of each run the columns were regenerated by washing successively 
with 25 ml. each of 85 per cent formic acid, distilled water, 0.60 m am- 
monium formate-formic acid buffer, pH 4.0, and distilled water. Columns 
were checked for performance in rotation by collecting and analyzing 
fractions of 5 ml. instead of 75 ml. With use of the regenerating proce- 
dure described above, a slow exhaustion of the columns was observed, as 
indicated by a slow decrease in the volume of buffer required to elute CA. 
A column was recharged with new resin after its resin bed had been used 
for some ten separations. 

System 1b—The column and regenerating procedures described for Sys- 
tem la were utilized in conjunction with gradient elution. The reservoir 
of the gradient elution apparatus contained 0.19 m ammonium formate- 
formic acid buffer, pH 3.0, and the mixing vessel 50 ml. of water. Frac- 
tions of 5 ml. were collected. 

System 2—The method described previously (1) will be referred to as 
System 2. 

System 3—The resin used was sodium Dowex 50, 200 to 400 mesh, 8 


3 All buffer concentrations given in this paper refer to the sum of [free acid] + 
[salt] or [free base] + [salt]. 
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per cent cross-linked, in columns of 1.0 cm. internal diameter and a resin 
bed length of 1.5 em. The reaction mixtures were deproteinized with 
HClO, (final concentration 0.3 N) at 0° and centrifuged, and aliquots of 
the supernatant solutions were placed on and allowed to soak into the 
columns. 1.0 ml. of water was used to wash down the walls of each col- 
umn. The gradient method of elution was employed. The reservoir of 
the apparatus contained 1.0 m triethyl ammonium formate-formic acid 
buffer (10), pH 5.0, and the mixing vessel 100 ml. of water. Fractions of 
5 ml. were collected. At the conclusion of each run the columns were 
washed with 25 ml. each of 0.2 n NaOH, distilled water, 0.1 N formic 
acid, and distilled water. 

Determination of CA and Other Carbamylamino Acids. Method 1—This 
method depended on separating CA from other reaction products by ion 
exchange System la, followed by measurement of the radioactivity of the 
fraction containing CA. 

Method 2—This method, which was used in conjunction with C™P, 
depended on the observation that the carbamyl carbon of CP, but not 
that of CA or other N-carbamylamino acids, is labile and is expelled in the 
form of CO: when heated with dilute HCl. Enzyme reactions 
were stopped by adding 0.5 volume of 1.0 Nn HCl, at 0°, per volume of 
reaction mixture. The resulting solutions were prepared for counting as 
follows: 0.2 ml. samples were transferred to flat copper disks by using a 
micrometer screw-operated pipette. The samples were spread out by 
means of a small pointed glass rod to cover a fixed sample area, previously 
marked out with a punch, and were dried under a radiant lamp for 20 
minutes. This drying could be carried out in a box provided with air 
ventilation drawn through alkali traps, or, when the amount of radio- 
activity was low, in a fume cupboard by means of which liberated C“O, 
was drawn off into the outside atmosphere. The samples were counted 
with an end window Geiger-Miiller tube. With suitable controls, Method 
2 was used to measure the conversion of labile into non-labile carbamyl] 
carbon. An absorption factor correction curve, which is indicative of the 
reproducibility of this method of counting, is shown in Fig. 1. The acidi- 
fied reaction mixture tended to creep over the sample boundary 
line punched on the disks. This difficulty was overcome readily by ap- 
plying silicone grease around the outer edge of the sample boundary line 
by means of a pipe cleaner or by using cup-shaped sample mounts, 

Preparation of CP—The method of Jones, Spector, and Lipmann was 
used (3). The product was analyzed for carbamyl group by enzymatic 
conversion to citrulline (2) and for inorganic and total phosphate (11). 
Preparations of the dilithium salt (mol. wt. 153) were 93 to 95 per cent 
pure after one precipitation with an equal volume of ethanol. Reprecipi- 
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tation with ethanol at —5° to —15° did not improve this purity appreci- 
ably. 

Radioactive C“P was prepared as follows: C'-Urea was converted into 
KOCN by an adaptation of the method described by Scattergood (12), 
2.0 mmoles of C'-urea were fused carefully with 1.05 mmoles of finely 
powdered K:CO; in a small crucible for about 5 minutes. After the melt 
had cooled, the residue was dissolved in 2 ml. of water and 2.0 mmoles of 
KH2PO, were added. The solution was stirred for 30 minutes. C™P was 
isolated from the reaction mixture in the form of its dilithium salt accord- 
ing to the method of Jones ef al. (3). The yield was about 25 per cent; it 
could be increased considerably, although at the expense of specific ac- 
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Fig. 1. Absorption factor correction curve for the direct counting of non-labile 
C4 in enzyme reaction mixtures. Factor of unity arbitrarily chosen at a sample disk 
thickness of 1.0 mg. of protein (sample area 2.7 cm.?). Each sample prepared for 
counting contained 0.30 y of radioactive CA, 0.333 n HCl, and protein as indicated 
jn a volume of 0.2 ml. For the preparation of the samples see ‘‘Methods.”’ 





tivity, by adding 10 mmoles of carrier CP to the reaction mixture before 
isolating C“P, the reaction product. 


Results 


Requirements and Distribution—Requirement studies of CP-aspartate 
transcarbamylase revealed no specific requirements other than CP, L- 
aspartate, and enzyme (Table I). Under the experimental conditions 
employed, the formation of CA is inhibited by MIA, PCMB, and arsenate. 
A time-course experiment was conducted, under conditions identical to 
those presented in Table I, in which samples of the reaction mixture were 
removed at 2 minute intervals and chromatographed on paper with buffered 
aqueous phenol as solvent (13). Amino acid spots were developed with 
ninhydrin. Visual inspection of their intensity showed that little, if any, 
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p-aspartate disappeared during the incubation. Some of the enzyme prep- 
arations used in this and previous studies (1, 14) were tested for the pres- 
ence of CP-aspartate and CP-ornithine transcarbamylases. Table II shows 
that CP-ornithine transcarbamylase is present in both mitochondrial and 
supernatant preparations of rat liver and that CP-aspartate transcarbamy]- 
ase is present in the latter fraction. A study of the distribution of CP- 


TABLE [| 
Enzymatic Formation of Carbamyl Aspartate 
The compiete system contained L-aspartate, 20 umoles; C“P, 4 wmoles (45,000 
c.p.m.); DEA buffer, pH 9.2, 200 umoles; and rat liver high speed supernatant solu- 
tion, 6.6 mg. of protein. Final volume, with or without additions, 2.0 ml.; 38°; incu- 


bation time, 15 minutes after the addition of C'*P. CA formed was determined by 
Method 1. 








Conditions CA formed 
pmoles 
Complete system 1.43 
No aspartate 0.03 
p- in place of L-aspartate 0.03 
Enzyme heated at 95-98° for 20 sec. 0.00 
Additions to complete system (in uzmoles)* 
p-Aspartate, 70 1.19 
L-Glutamate, 100 1.34 
Magnesium sulfate, 10 1.46 
Disodium ethylenediaminetetraacetate, 2 1.43 
Sodium arsenate, 100 1.24 
“ - 200 0.41 
“fluoride, 10 1.43 
Potassium cyanide, 10 1.43 
MIA, 2 1.15 
«10 0.68 
PCMB, 2 0.44 








*The solutions of compounds added were adjusted to approximately pH 9, be~ 
fore being added, except for sodium arsenate which was adjusted to pH 9.2. 


aspartate transcarbamylase in different organs was undertaken, because 
CA is a precursor of the ubiquitous pyrimidine nucleotides. The amounts 
of acid-stable C' formed from C“P by the high speed supernatant solu- 
tions of different organs in the presence and absence of added aspartate 
are recorded in Table III. The results show that, in practically every 
tissue tested, the presence of aspartate appreciably increases the forma- 
tion of acid-stable C“ from C“P. The interpretation is that this increase 
is due to the formation of CA. 

The mechanism of CA formation in uricotelic animals is of considerable 
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TaBLeE II 
Distribution of Transcarbamylases in Rat Liver Preparations 


Each tube contained CP, 0.274 umole (14,000 c.p.m.) and DEA buffer, pH 9.2, 
100 zmoles (omitted with ornithine incubations). In addition, the tubes contained, 
where indicated, ornithine, 20 zmoles; aspartate, 10 umoles; 0 to 40 per cent ethanol 
fraction of mitochondrial acetone powder extract (P), 5 mg. of protein; dialyzed, 
lyophilized, low speed supernatant solution (S), 10 mg. of protein. All tubes were 
run in duplicate. Final volume 1.0 ml.; 38°; incubation time, 5 minutes after the 
addition of CP to tubes containing the citrulline test system, 15 minutes after the 
addition of CP to tubes containing the CA test system. Citrulline was assayed by 
the method of Archibald (15). CA was assayed by Method 1. 








Amino acid Enzyme | Citrulline formed CA formed 
mumoles mumoles 

Ornithine | ag | 292 

Water P 18 

Ornithine S 272 

Water Ss | 19 

Aspartate Pr | 0 
Water r 0 
Aspartate NS) 135 
Water S 0 


TaB_e III 
Distribution of Carbamyl Phosphate-Aspartate Transcarbamylase in Rat Tissues 
Each tube contained CP, 2.0 umoles (22,500 c.p.m.); DEA buffer, pH 9.2, 100 
umoles; high speed supernatant solutions shown, 3 to 8 mg. of protein; and, where 
indicated, aspartate, 10 umoles. Final volume 1.0 ml.; 38°; incubation time, 15 min- 
utes after the addition of C“P. Duplicate assays by Method 2. 





| Acid-stable C™ formed, c.p.m. X 107 per mg. protein 











Tissue —- 

(with a (no he | Test m nus blank 
Blood. . Pa Sate cakes | 7 4 | 3 
Brain. ee er eey | 82 | 14 68 
Gastric mucosa..................... 181 | 12 | 169 
Heart.... Ree ee, RRS 8 | 5 | 3 
Intestinal mucosa.................. 359 56 303 
RETEST Te IE eee 117 10 107 
eer) fee sco oe bates 194 | 38 156 
Lane: ..... ii Heintad2 cease 106 17 89 
MIN TID oi siivicie cs caies, bein pases ces 36 13 23 
Pancreas. . a Ae Ra, eee 68 9 59 
Spleen.... 73 | 8 65 


Testis.... 177 9 168 
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biological interest. The results shown in Table IV demonstrate that the 
two pigeon tissue extracts which were tested catalyze the formation of CA 
from CP and aspartate. 

In the experiments in which fresh supernatant solutions were used in 
conjunction with assay Method 2 (Tables III and IV), the amount of 
acid-stable C formed from CP in the absence of aspartate is significant. 


TaBLeE IV 
Occurrence of Carbamyl Phosphate-Aspartate Transcarbamylase in Pigeon Tissues 
Each tube contained CP, 2.0 ymoles (22,500 ¢.p.m.); DEA buffer, pH 9.2, 100 
umoles; high speed supernatant solutions shown, 2.5 to 4.5 mg. of protein; and, where 
indicated, aspartate, 10 umoles. Final volume, with or without additions, 1.0 ml.; 


38°; incubation time, 15 minutes after the addition of C'P. Duplicate assays by 
Method 2. 








Experiment 1, tissue 





lAcid-stable C¥ formed, c.p.m. X 107! per mg. protein 





























Conditions ' | 
Test Blank . 
| (with pupuatete (no pen Test minus blank 
Pigeon liver. .. euitest on. is 162 
“ ‘t:testinal mucoss................:. 205 16 189 
Rat liver...... | 107 10 97 
Experiment 2, pigeon liver 
| Acid-stable C™ formed, c.p.m. X 107! per mg. protein 
Conditions | | 
Test Blank x 
| (with omine acid)| (no Pm acid)| Test minus blank 
Complete system.....................005| 153 | 15 138 
+ 5umoles MIA...... Ee | 82 8 74 
et | ne ei 2 et ee 27 | 7 20 
p- in place of L-aspartate.................| 16 15 1 
Ornithine in place of aspartate...... | 17 15 2 





The nature of the compounds responsible for these high blank values was 
investigated further. In order to accentuate the effect, longer incubation 
times and higher concentrations of high speed supernatant solution were 
used. Each tube contained DEA buffer, pH 9.2, 100 umoles; C“P, 2 
umoles (22,500 c.p.m.), and high speed supernatant solution of rat in- 
testinal mucosa, 12.5 mg. of protein. The final volume was 1.0 ml., and 
the tubes were incubated at 38° for 30 minutes after the addition of C™P. 
The reaction mixtures were run on ion exchange System 1b in the presence 
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TABLE V 
Screening of Amino Acids for Interaction with Carbamyl Phosphate in 
Presence of Low Speed Supernatant Solution of Rat Liver 

Each tube contained C'*P, 2.0 umoles (22,500 c.p.m.); amino acid,* 10 wmoles; and 
low speed supernatant solution of rat liver, 4 to 5 mg. of protein. In addition, the 
tubes contained DEA buffer, pH 9.2, 100 umoles, or Tris buffer, pH 7.7, 100 umoles, 
as indicated. The blanks contained no amino acid. Final volume 1.0 ml.; 38°; in- 
cubation time, 15 minutes after the addition of CP. Acid-stable C'* compounds 
formed were determined in duplicate by Method 2. 





























i ss Acid-stable C4 

anes nest 

Amino acid wa mg. protein Amino acid wo 

pH 9.2 pH 7.7 pH 9.2 | pH77 
Aspartate 542 313 Glycine 0 0 
p-Aspartate 12 1 Histidine 2 3 
Ornithine 2062 2203 Hydroxyproline 12 4 
Citrulline 67 78 Isoleucine 0 0 
Arginine 2140 2220 Leucine 0 0 
Argininosuccinate 172 131 Lysinet 29 23 
Methionine 5 1 
a-Alanine o | 6 Phenylalanine 4 1 
B-Alanine 0 6 Proline 2 1 
6-Aminoisobutyrate 0 2 Sarcosine 0 1 
Asparagine§ 45 20 Serine 2 0 
Isoasparagine 58 44 Taurine 12 0 
Cysteine 0 1 Threonine 0 0 
Glutamate 0 | 5 Tryptophan 0 0 
Glutamine a 4 Tyrosine 0 0 
Valine 0 0 





*The amino acid solutions were at approximately pH 8.5 when added. The 
L forms of the optically active amino acids were used unless otherwise indicated. 

+ The average values of five blanks each at pH 9.2 and 7.7 were 44 and 31 c.p.m. 
X 10— per 4.2 mg. of protein, respectively. 

t The results obtained with lysine as the added substrate have been augmented by 
the following experiment: L-Lysine, 20 ymoles; DEA buffer, pH 9.2, 200 umoles; 
C™P, 4 umoles (45,000 c.p.m.); and a low speed supernatant solution of rat liver, 
13 mg. of protein, were incubated in a final volume of 2.0 ml., at 38°, for 30 minutes. 
A tube containing water in place of L-lysine served as a control. The deproteinized 
reaction mixture was chromatographed on ion exchange System 3. Two radioactive 
elution peaks, A and B, were detected. They occurred at 7 ml. and 37 ml. and con- 
tained 1430 and 1380 c.p.m., respectively. The residue obtained after freeze-drying 
peak B was dissolved in water and divided into two portions. To one were added 
50 mg. of citrulline and to the other were added 50 mg. of homocitrulline. The 
carrier compounds were assayed for radioactivity after each of three recrystalliza- 
tions from water by the addition of ethanol. The specific activities were 517, 494, 
and 489 c.p.m. per mmole of citrulline and 668, 634, and 627 c.p.m. per mmole of homo- 
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TaBLE V—Concluded 


citrulline. The compound corresponding to peak A was not adsorbed on ion ex- 
change System 1b and was not identified further. The control tube also yielded 
peaks A and B, which contained 675 and 200 c.p.m., respectively. It is concluded 
that the reaction products were homocitrulline and citrulline. 

§ The results obtained with asparagine as the added substrate have been aug- 
mented by the following experiment: L-Asparagine, 20 umoles; DEA buffer, pH 9.2, 
200 pmoles; C'4P, 4 wmoles (45,000 c.p.m.); and a low speed supernatant solution of 
rat liver, 13 mg. of protein, were incubated in a final volume of 2.0 ml., at 38°, for 
15 minutes. A blank containing water in place of L-asparagine served as a control. 
The deproteinized, neutralized reaction mixture was chromatographed on ion ex- 
change System 2 in the presence of 20 umoles each of carbamylasparagine and CA. 
The elution peaks of these carrier compounds were determined colorimetrically by 
the method of Koritz and Cohen (16) and occurred at 120 ml. and 280 ml., respec- 
tively. The elution peaks of two radioactive products were found to coincide exactly 
with those determined colorimetrically for carbamylasparagine and CA. They con- 
tained approximately 300 and 1800 c.p.m., respectively. In the blank containing no 
asparagine they contained approximately 0 and 200 c.p.m., respectively. It is con- 
cluded that the reaction products were carbamylasparagine and CA, and that they 
were formed in a ratio of about 1:6. 


of 20 umoles of CA. The elution peak of the latter was determined colori- 
metrically by the method of Koritz and Cohen (16) and occurred at 135 ml. 
Two radioactive elution peaks, a and b, were detected. They occurred at 
5 and 135 ml. and contained 5000 and 1670 c.p.m., respectively. Peak b 
coincided exactly with the elution peak determined colorimetrically for the 
carrier CA. The residue obtained by freeze-drying the fractions corre- 
sponding to peak a was dissolved in water and rechromatographed on ion 
exchange System 3. Two radioactive elution peaks, aa and ab, were de- 
tected. They occurred at 7 and 35 ml. and contained 680 and 4300 c.p.m., 
respectively. The identity of peak aa was not established. The residue 
obtained by freeze-drying the fractions corresponding to peak ab was dis- 
solved in water, and samples were chromatographed on paper with buffered 
aqueous phenol as solvent (13). A single radioactive spot, Rr 0.58, was 
detected. Its position was indistinguishable from citrulline reference spots 
run alongside or superimposed on the unknown sample. To another 
sample of the solution corresponding to peak ab were added 50 mg. of 
citrulline. The carrier compound was dissolved in water and precipitated 
by the addition of ethanol, and then recrystallized three times in a similar 
manner. The specific activity was assayed after each recrystallization 
and was found to be 4500, 4420, and 4450 c.p.m. per mmole of citrulline. 
It was concluded that the stable C“ formed from CP and a high speed 
supernatant solution of intestinal mucosa consists mainly of citrulline and 
CA, and to a lesser extent of an unidentified substance (peak aa). A like 
experiment with a high speed supernatant solution of rat liver gave similar 
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results. The results of a similar experiment with high speed supernatant 
solution of rat brain differed in that citrulline could not be demonstrated 
to be one of the products, either by chromatography or by isotope dilution 
performed directly on the reaction mixture. 


TaBLe VI 
Acetyl Glutamate Requirement in Formation of Carbamyl Aspartate from 
Aspartate, C402, and Ammonia 

Incubation A—The following were incubated together (quantities are in micro- 
moles): acetyl glutamate, 100; NH,Cl, 200; MgSO,, 100; KH,PO,-K2HPO, buffer, 
pH 7.4, 100; KHC"O;, 58.7 (1.52 X 107 c.p.m.); adenosine triphosphate, 100; and 
0 to 40 per cent ethanol fraction of rat liver mitochondrial acetone powder extract, 
50 mg. of protein. Final volume 7.0 ml.; 38°; incubation time, 27 minutes. The re- 
action was stopped with 1.6 ml. of 1 Nn HCIO, and the precipitate was removed by 
centrifugation. The supernatant solution was neutralized with 1 m K2CO; and di- 
luted to 10.0 ml. Precipitated KClO, was removed by centrifugation. The result- 
ing solution is referred to as Solution A. 

Incubation B—The following were incubated together: aspartate, 20 zmoles; DEA 
buffer, pH 9.2, 200 umoles; dialyzed, lyophilized, low speed supernatant solution of 
rat liver, 10 mg. of protein; and 1.0 ml. of Solution A. Final volume 2.0 ml.; 38°; 
incubation time, 15 minutes after the addition of Solution A. The reaction was 
stopped with 3.0 ml. of 0.5 n HClO, and the precipitate was removed by centrifuga- 
tion. The supernatant solution was neutralized with 4 Nn KOH and the precipitated 
KCI1O, was removed by centrifugation. 

Analyses—One series of tubes was run through the procedure for ion exchange 
System la, and CA was determined by measuring the radioactivity of the second 
fraction (Method 1). 














Tube No. Omissions CA formed 
c.p.m. 

1 None 100,200 

2 Acetyl glutamate 13,400 

3 Aspartate 525 

+ Acetyl glutamate, aspartate 188 





A duplicate series of tubes was run through ion exchange System 2 in the pres- 
ence of 20 wmoles of carrier CA. The fractions were assayed for radioactivity and 
for CA by the colorimetric method of Koritz and Cohen (16). That the product 
formed in Tubes 1 and 2 was CA was confirmed by the results (cf. Lowenstein and 
Cohen (1)). 


Scope of CP-Amino Acid Transcarbamylation—A number of amino acids 
was screened for interaction with C“P in the presence of a low speed super- 
natant solution of rat liver. The results show that, under the conditions 
employed, C“P interaction with amino acids other than those of the urea 
cycle and aspartate is small (Table V). Supplementary experiments were 
conducted to determine the nature of the stable C“ formed from C"P in 
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the presence of asparagine or lysine, two amino acids which gave evidence 
of interaction with C“P. Evidence was obtained that these amino acids 
may give rise to small amounts of carbamylasparagine and homocitrulline, 
respectively (Table V). 

Acetyl Glutamate Requirement for Formation of CP—An experiment de- 
signed to test this requirement is presented in Table VI. The results 
confirm that, with the partially purified preparations used (alcohol-pre- 
cipitated acetone powder extracts), there is an acetyl glutamate require- 
ment. However, the data indicate that the requirement is not absolute 
(cf. Grisolia and Cohen (2); Jones, Spector, and Lipmann (17)). 


TaBLeE VII 
Influence of Acetyl Glutamate on Formation of Carbamyl Aspartate from 
Carbamyl Phosphate 

Each tube contained DEA buffer, pH 9.2, 200 umoles; CP, 0.274 umole (14,000 
c.p.m.); dialyzed, lyophilized, low speed supernatant solution of rat liver, 10 mg. of 
protein. The following were added at the times indicated: aspartate, 10 wmoles; 
acetyl glutamate, 10 umoles. Final volume 1.0 ml.; 38°; incubation time, 15 minutes 
after the addition of aspartate. CA was assayed by Method 1. 














Time of adding Time of adding 
Tube No. acetyl glutamate after aspartate after start CA formed 
start of incubation of incubation 
min. min. mumoles 
1 0 0 109 
2 . 0 110 
3 10 10 57 
4 0 10 59 
5 30 30 4 
6 0 30 8 














* Acetyl glutamate omitted. 


Attempt to Detect Formation of Acetyl Glutamate Derivative of CP—When 
CP is preincubated with acetyl glutamate and enzyme for 0 to 30 minutes 
prior to the addition of aspartate, the amount of CA formed is similar 
within the limits of experimental error to that formed in controls prein- 
cubated without acetyl glutamate (Table VII). As the time of preincuba- 
tion is increased, the amount of CA formed is decreased. This is partly 
due to the chemical breakdown of CP and presumably partly to its re- 
moval by side reactions such as hydrolysis by phosphatases. 

CA Formation from Animal Intermediate in Presence of Chemically Pre- 
pared CP—The effect of chemically prepared CP on the amount of radio- 
active animal intermediate incorporated into CA is shown in Table VIII. 
The amounts by which the radioactivity incorporated into CA is decreased 
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with increasing amounts of chemically prepared CP are those which can 
be calculated by assuming that the animal intermediate and synthetic CP 
are identical. 


TaBLe VIII 
Incorporation of C'4-Labeled Animal Intermediate into Carbamyl Aspartate 
in Presence of Chemically Prepared Carbamyl Phosphate 
Kach tube contained aspartate, 20 ymoles; DEA buffer, pH 9.2, 200 umoles; C'- 
labeled animal intermediate, prepared as described in Table VI, 1.1 wmoles (5.95 x 
104 c.p.m. per umole); dialyzed, lyophilized, low speed supernatant solution of rat 
liver, 10 mg. of protein; and CP as indicated. Final volume 2.0 ml.; 38°; incubation 




























time, 15 minutes after addition of aspartate. CA formed was assayed by Method 1. 
CP added CA formed 
sai pmoles = c.p.m. we 
0 10,030 
0.5 7,510 
1 6,750 
2 3,450 
5 1,670 
10 920 








DISCUSSION 


The distribution of CP-aspartate transcarbamylase in the rat indicates 
that CA is probably synthesized by most, if not all, tissues. This raises 
the question of the nature of the carbamyl group donor (or donors) in 
tissues other than liver and how it (or they) arises. Some of the possibili- 
ties are as follows: (1) CP is formed in tissues other than liver, (2) CP is 
transported from the liver to various other organs, (3) a carbamyl com- 
pound other than CP is made by the organ, which can in some manner be 
replaced by CP, (4) a carbamyl compound other than CP is transported 
from the liver to various organs, where it is converted to CP and then to 
CA. A compound which might fulfill this réle is citrulline. The occur- 
rence of CP-aspartate transcarbamylase in the pigeon, besides raising 
questions similar to those just discussed, focuses interest on the compara- 
tive aspects of the fixation of NH; and CO:. Although the formation of 
CP in birds has not yet been demonstrated, it may now be inferred. It is 
likely that CP-aspartate transcarbamylase also occurs in all bacteria, 
except perhaps in those which have a growth requirement of carbamyl 
aspartate or its subsequent anabolites (18). Some evidence for the oc- 
currence of this enzyme in bacteria has been presented by Jones, Spector, 
and Lipmann (17). 

The distribution studies reported here have given rise to the observation 
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that citrulline is formed when high speed supernatant solutions of rat 
intestinal mucosa are incubated with CP.‘ The possibility that this dem- 
onstration of the occurrence of CP-ornithine transcarbamylase is an arti- 
fact introduced by bacterial contamination is unlikely in view of the 
method used to prepare the supernatant solution, but it cannot be ruled 
out. 

Results of tests for the interaction of C“P with various amino acids in 
the presence of a rat liver low speed supernatant solution (Table V) must 
be interpreted with reservations. The liver fraction used was chosen as 
test material because it is a crude fraction, contains both CP-aspartate 
and CP-ornithine transcarbamylases, and gives low blanks. Acid-stable 
C™ formed from CP and t-aspartate, ornithine, arginine, or arginino- 
succinate can be accounted for in terms of the known reactions of aspartate 
and of the urea cycle (1, 19). CP interaction with other amino acids, 
when it occurs at all, is not of the same order of magnitude. Amino acids 
with which the stable C“ formed amounted to less than 130 ¢.p.m. per 4.2 
mg. of protein, z.e. less than 0.6 per cent of the C“P added (Table V), were 
not investigated further. The product (or products) obtained with citrul- 
line as the added substrate is probably due to the presence in low speed 
supernatant solutions of rat liver of residual traces of other substrates of 
the urea cycle, but the actual nature of these products has not been inves- 
tigated. The nature of the acid-stable C“ formed from C“P and aspara- 
gine, and C“P and lysine, was investigated in supplementary experiments. 
(Insufficient compound was available for similar experiments with iso- 
asparagine.) Asparagine was found to yield both CA and carbamylaspara- 
gine. In the absence of further data, it is assumed that the formation of 
carbamylasparagine is catalyzed by CP-aspartate transcarbamylase, but 
at a rate which is much less than that of the formation of CA. Lysine 
was found to yield small amounts of homocitrulline. Its formation can 
be interpreted as being catalyzed by CP-ornithine transcarbamylase, but 
at a rate which is very much less than that of the formation of citrulline. 
The formation of citrulline in the reaction mixture can be accounted for in 
terms of ornithine endogenous to the enzyme preparation. 

The negative results obtained with many amino acids must be inter- 
preted with the reservations imposed by the use of a single kind of tissue 
preparation. The consideration that optimal conditions may not have 
been approached in these tests necessitates a similar reservation. 


We wish to thank Dr. Sarah Ratner, The Public Health Research In- 
stitute of The City of New York, Inc., for a generous gift of Ba arginino- 


4 The addition of ornithine to this system greatly increases the formation of citrul- 
line (unpublished). 
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succinate and Dr. Simon Black, National Institute of Arthritis and Meta- 
bolic Diseases, for a precious sample of isoasparagine. 


SUMMARY 


1. The enzymatic formation of carbamy] aspartate from aspartate and 
carbamy! phosphate has been studied. 

2. The enzyme, which has been named carbamy! phosphate-aspartate 
transcarbamylase, is widely distributed in the rat. It occurs also in the 
pigeon, a finding which implies the occurrence of a carbamy] phosphate- 
synthesizing mechanism in birds. 

3. The scope of carbamyl] phosphate-amino acid transcarbamylation has 
been investigated. 

4. Evidence is presented for the identity of chemically prepared 
carbamyl phosphate and the animal intermediate formed by rat liver 
preparations. 
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The enzymatic synthesis of lactose by the mammary gland was first 
demonstrated by Grant in 1935 (1). Recently an acidic, N-containing 
oligosaccharide was isolated from rat mammary glands by Caputto and 
Trucco (2) and confirmed by Heyworth and Bacon (3). Thus, enzymatic 
activity of the mammae is well established. A number of N-acetyl-p- 
glucosamine-containing oligosaccharides have been isolated from human 
milk (4-6). These oligosaccharides could occur as excretory products 
synthesized by the mammary gland, or as normal body metabolites con- 
eentrated by the mammary gland. 

An enzyme derived from Lactobacillus bifidus var. pennsylvanicus (7) 
catalyzes the synthesis of N-containing oligosaccharides by means of a 
transgalactosidation (8, 9) according to the following equation, where X 
indicates the possibility of formation of 4 and 6 isomers. This pattern 


Lactose + N-acetyl-p-glucosamine — 
X -0-8-p-galactopyranosyl-N -acetyl-p-glucosamine + glucose 


has been investigated in the present study to determine the ability of 
the mammary gland and various other mammalian tissues to synthe- 
size N-acetyl-p-glucosamine-containing oligosaccharides. For this pur- 
pose, cell-free, crude enzyme extracts were prepared from mammary glands, 
livers, and kidneys of lactating rats, from livers, kidneys, heart muscles, 
spleens, and brains of non-pregnant female rats, of male rats, and from 
bull testes. 


EXPERIMENTAL 


Pregnant rats from the Sprague-Dawley farms, received 1 to 2 weeks 
before littering, were used throughout the experiments. They were fed 
laboratory chow (Purina R). 5 days after littering, the animals were 

* Supported by a grant from the Wyeth Laboratories, Division of the American 
Home Products Corporation. 

t Present address, Via Alberico II, 33, Rome, Italy, 
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72 N-ACETYL-D-GLUCOSAMINE 
sacrificed by decapitation. The mammary glands were dissected at once 
and washed in isotonic phosphate buffer solution to remove excess milk. 
They were then stored immediately in the deep freeze for 3 to 5 days and 
thawed before use over a period of 15 to 24 hours at +5°. 

8 to 10 gm. of mammary gland tissue were homogenized with 25 to 30 
ml. of M/15 phosphate buffer at pH 6.8 in the Waring blendor for 2 minutes 
at +5°. The homogenate was centrifuged at room temperature for 10 
to 15 minutes at 1000 to 1500 r.p.m. The fat layer was discarded, and the 
opalescent supernatant solution was separated from the precipitate and 
collected. A similar technique of preparation was applied to all other 
tissue used. 

52 mg. of lactose and 32 mg. of N-acetyl-p-glucosamine were added per 
ml. of homogenate at pH 6.8. The mixture was incubated under toluene 
at 37°. 2 ml. samples were taken at zero time and then at 12 hour intervals 
up to 96 hours, and inactivated by immersing in a boiling water bath for 
10 minutes. Homogenate alone and with added lactose was incubated as 
the control. The experiments were performed under aerobic conditions. 

All inactivated samples were centrifuged, and the supernatant solutions 
were tested for growth-promoting activity for L. bifidus var. pennsylvanicus 
as described by Gyorgy et al. (10). Paper chromatographic analysis was 
performed as described previously. Papers were developed with aniline 
oxalate for the detection of reducing sugars, with chlorine followed by 
treatment with benzidine dihydrochloride by the method of Rydon and 
Smith (11) for N-containing saccharides, and with p-dimethylaminokenz- 
aldehyde with and without alkali pretreatment in the Morgan-Elson reac- 
tion (12) for the detection of N-acetyl-p-glucosamine-containing com- 
pounds. 

For the isolation of saccharides, 15.6 gm. of lactose and 9.6 gm. of N- 
acetyl-D-glucosamine were dissolved in 300 ml. of mammary gland homog- 
enate. The digestion mixture was incubated under toluene in a glass- 
stoppered flask at 37°. At the end of 60 to 72 hours the flask was heated 
in the boiling water bath for 20 minutes, filtered through a Biichner funnel, 
and the clear filtrate deproteinized by the Sevag procedure. The depro- 
teinized material was concentrated under reduced pressure to a final volume 
of 50 to 100 ml. It was then adsorbed on a charcoal Celite column ac- 
cording to Whistler and Durso (13). The columns were 60 cm. in length 
and 6 cm. in diameter, and kept at a constant temperature of 25°. The 
average flow rate was 24 to 30 drops per minute. The columns were eluted 
with ethanol of increasing concentrations from 5 to 40 per cent. Eluates 
were collected every 24 hours. Each fraction was tested for reducing 
sugars with the «athrone reagent. Anthrone-positive fractions were stored 
under toluene. The concentration of ethanol was not changed until at 
least 4 liters of the eluate had been anthrone-negative. 
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10 ml. were taken from each 24 hour fraction, concentrated under re- 
duced pressure to dryness, redissolved in 0.1 ml. of water, and tested by 
means of paper chromatography as described previously (8). N-contain- 
ing oligosaccharide fractions were pooled and processed for isolation as 
described below. 


Results 


Growth-Promoting Activity of Enzymatic Digests—Microbiological growth 
promotion for L. bifidus var. pennsylvanicus was observed after incubation 
for 8 to 10 hours, and maximal growth promotion was observed and main- 
tained after incubation for 48 hours. Growth promotion by N-acetyl-p- 
glucosamine was noted as the control. Homogenates of mammary glands, 
livers, and kidneys of lactating rats, livers and kidneys of non-pregnant 
female rats and of male rats, as well as bull testes, increased the growth 
promotion 300 to 400 per cent over the control. Digests of spleen, heart 
muscle, and brain of lactating, non-pregnant female and male rats ranged 
between 150 and 250 per cent of the activity of the control. The micro- 
biological results, however, were subject to large variations. 

Paper Chromatography—Small amounts of the inactivated enzymatic 
digests from mammary glands and liver were placed on paper for chro- 
matography. Fig. 1 is an illustration of a representative experiment. 
Several chromatographic spots were constantly noted. 

One reducing spot located between lactose and galactose (Riaee = 1.37) 
gave positive reactions with chlorine benzidine and the Morgan-Elson 
reagent and was identified as 3-O-8-p-galactopyranosy]-N -acetyl-p-glucosa- 
mine. This substance appeared after 6 hours of incubation; the intensity 
of reactions increased during the next 30 hours and then maintained the 
same intensity up to 96 hours incubation. Eluates of streak paper chro- 
matography from this Rp area were found to be microbiologically active in 
growth promotion of L. bifidus var. pennsylvanicus. Since 3-O-8-p-galac- 
topyranosyl-N-acetyl-p-glucosamine, when autoclaved, does not exhibit 
any growth-promoting activity for L. bifidus var. pennsylvanicus, there 
ought to be another compound present in this eluate which could be re- 
sponsible for this marked microbiological activity. Therefore, the eluate 
was treated with 0.05 n NasCO; for 15 minutes at 100°, according to Kuhn 
et al. (14), to destroy the extremely alkali-labile 3-O-8-p-galactopyranosy]- 
N-acetyl-p-glucosamine. The eluate so treated was then rechromato- 
graphed, and a spot of the same Rist was found which gave positive reac- 
tions with aniline oxalate and chlorine benzidine, but which gave no 
reaction with the Morgan-Elson reagent after alkali pretreatment. This 
compound has been identified as 4-O-8-p-galactopyranosyl-N-acety]-p-glu- 
cosamine with known high microbiological activity (15). Other spots were 
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noted on this paper which were identified as breakdown products of 3-O-8- 
p-galactopyranosy]-N-acetyl-p-glucosamine, indicating that this compound 
had in fact been destroyed by mild alkali treatment. 

A second reducing spot (Risct = 1.14) gave a positive reaction with the 
Morgan-Elson and benzidine dihydrochloride reagent. This spot was iden- 
tified as 6-O-8-p-galactopyranosyl-N-acetyl-p-glucosamine. 

A third spot (Riact = 0.57) reacted with aniline oxalate, but not with 
benzidine dihydrochloride or the Morgan-Elson reagent. It appeared dur- 





n-ac-st 1@ @@@OOO@ 
Glucose O OO O O O 


Galactose |(C) OO0O00O 

3& 4-0-8 |@ ©@e@eee 8 
6-0-3 |@ e©@eeee@ 
wwe 10 COOOO Re 














w eo eC Ra SB 2 OUNCE CUL 

Fic. 1. Diagrammed chromatogram of an enzyme digest containing 52 mg. of 
lactose-H2O, 32 mg. of N-acetyl-p-glucosamine per 1 ml. of cell-free tissue extract; 
MG = mammary gland; LZ = liver; Rr = reference sugars; E = enzyme in M/15 phos- 
phate buffer at pH 6.8; 0 to 72 = hours of incubation with MG as enzyme source. 
Open circle, reducing; solid circle, Morgan-Elson-positive; circle with dots inclosed, 
reducing and NHCO-containing. MG and L represent the chromatogram of large 
scale experiments. 


ing 6 to 12 hours of incubation and persisted. This substance was not 
further identified. 

When larger quantities of substrate were applied to paper, additional 
spots were observed which gave positive reactions with aniline oxalate, 
benzidine dihydrochloride, and the Morgan-Elson reagent, and migrated 
more slowly than lactose. These spots are due to N-acetyl-p-glucosamine- 
containing oligosaccharides. After incubation of the substrate for more 
than 72 hours, the lactose spot was noted to decrease in intensity, and 
slower moving spots appeared which reacted with aniline oxalate but not 
with benzidine dihydrochloride and the Morgan-Elson reagent. The spots 
probably represent lactobiose and lactotriose of Wallenfels (16). 
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Isolation and Identification of N-Containing Disaccharides 


3-0-8-D-Galactopyranosyl-N -acetyl-p-glucosamine—37.5 gm. of lactose 
and 22.9 gm. of N-acetyl-p-glucosamine were dissolved in 780 ml. of 0.1 m 
phosphate buffer. 3 gm. of crude bull testes extract! were added, and the 
mixture was incubated, prepared, and adsorbed on charcoal Celite col- 
umns as described above. The 7.5 per cent ethanolic eluates which con- 
tained two galactosides of N-acetyl-p-glucosamine were combined and 
evaporated in vacuo, yielding 1.2 gm. of an amorphous residue which con- 
tained, in addition to the galactosides of N-acetyl-p-glucosamine, only 
trace amounts of lactose. For crystallization 1.2 gm. were dissolved in 
13 ml. of methanol under gentle heating. After filtration, the solution 
was kept for 3 hours at +5° and again filtered. The clear, colorless solu- 
tion was kept at room temperature overnight. Crystallization of slightly 
curved needles started after a few hours and was completed after 2 days. 
The yield was 950 mg. 

After a second recrystallization from 30 ml. of dry methanol, the needles 
were dried over P,O; at 80° and 1 mm. until constant weight was achieved. 
The melting point was 168-169°. No depression was found in a mixed 
melting point with authentic 3-0-8-p-galactopyranosy]-N-acetyl-p-gluco- 
samine.2 The equilibrium rotation reached after 60 minutes was [al 
+14.28°, (c = 0.667; H.O; 1 = 2 dm.), extrapolated to zero time [a]? 
+32.3°. 


CyuH20uN. Calculated. C 43.85, H 6.57, N 3.65 
(383.4) Found. “© 43.79, “© 6.67 “* 3.68 


The slightly curved needles lost on drying over P.O; at 1 mm. 8.78 
per cent of their weight. Upon exposure to 50 per cent relative humidity 
for 48 hours at room temperature, the increase in weight was found to be 
8.58 per cent and remained unchanged for 216 hours, which indicated that 
the 3-0-6-p-galactopyranosyl-N-acetyl-p-glucosamine occurs originally as a 
dihydrate. 


CyH2;01N-2H:0 Calculated, H,0 9.4; found, H.0 8.58 


With mammary gland, 9.55 gm. of N-acetyl-p-glucosamine yielded 240 
mg. of an identical disaccharide, whereas with livers of lactating rats only 
85 mg. were obtained under similar conditions. 

4-0-8-D-Galactopyranosyl-N -acetyl-p-glucosamine—From the mother liq- 
uors of the disaccharide described above, obtained from the experiment with 


1 We are indebted to Dr. Harvey Alburn, Wyeth Laboratories, for various speci- 
mens of crude and purified hyaluronidase. 

2 We are indebted to Professor Richard Kuhn, Heidelberg, for a sample of 3-0- 
8-p-galactopyranosyl-N -acetyl-p-glucosamine. 
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bull testes, approximately 85 mg. of square platelets crystallized on stand- 
ing over a period of several days at +5°. These were found to be identical 
in melting point, Rist, and growth-promoting activity for L. bifidus with 
the previously described 4-O0-8-p-galactopyranosy]-N-acety]-p-glucosamine 
(17). The ratio in which the 3-O0-8-p and 4-O0-8-p isomers were synthe- 
sized by mammary glands, bull testes, or livers was found to be approxi- 
mately 10:1. 

6-0-8-D-Galactopyranosyl-N -acetyl-p-glucosamine—After streak paper 
chromatography, the area of the paper of Rist = 1.14 was eluted with 
water. The eluates were evaporated in vacuo to dryness and tested for 
microbiologic growth activity. 1 unit of growth activity for L. bifidus var. 
pennsylvanicus was found in 1.8 mg. of the chromatographically homo- 
geneous, amorphous substance. This, together with the positive Morgan- 
Elson reaction and the Rj,.¢ of 1.14, is consistent with the previously 
observed characteristics for 6-O-8-p-galactopyranosyl-N-acetyl-p-glucosa- 
mine (9). 


DISCUSSION 


Free 6-p-galactosides of N-acetyl-p-glucosamine have not been encoun- 
tered in human milk as such, but are probably units of the higher N-con- 
taining fucosides found in human milk (6). That 3-0-6-p-galacto- 
pyranosyl-N-acetyl-p-glucosamine is such a constituent has already been 
well established; it is a part of lacto-N-tetraose (18), two pentaoses, and a 
hexaose (6). The present study represents the first reported enzymatic 
synthesis of this extremely alkali-labile saccharide which was originally 
isolated from a mixture of N-containing oligosaccharides from human milk 
by mild acid hydrolysis (18). 

4-0-8-p-Galactopyranosyl-N-acetyl-p-glucosamine has been obtained by 
partial hydrolysis of a crude oligosaccharide mixture from human milk, but 
the 3 isomer occurs in about 10 times the concentration of the 4 isomer (14). 
The 4 isomer has special significance, since it is the isomer which is pref- 
erentially degraded by the L. bifidus enzyme (7), and also because of its 
high growth-promoting activity for L. bifidus var. pennsylvanicus. 

When cell-free tissue extracts from rat mammary glands, rat livers, and 
bull testes were incubated with lactose and N-acetyl-p-glucosamine, three 
isomeric galactosides were isolated: 3-O-8-p-, 4-O-8-p-, and 6-0-8-p-ga- 
lactopyranosy!-N-acetyl-p-glucosamine. 

The formation of the 3 and 4 isomers was expected from the rat mam- 
mary gland, as these have been obtained from human milk. Actually, the 
proportion found after incubation of the mammary gland extract was ap- 
proximately 10 parts of the 3 isomer to 1 part of the 4 isomer, similar to 
that found in human milk. The 6 isomer, however, had never before been 
observed in human milk, and its significance is unknown. 
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While the occurrence of the 3 and 4 isomeric galactosides may have been 
expected from the study of the mammary gland, the occurrence of these 
galactosides with liver homogenates and bull testes was unexpected. Even 
more unexpected was the formation of these galactosides with crude ex- 
tracts of bull testes; when purified hyaluronidase (5000 t.r.u. per mg.) was 
used as the enzyme source, no galactosides were synthesized. The com- 
plete nature and function of these galactosides are as yet unknown, but 
this study indicates that these saccharides may occur in all glandular tis- 
sues in small quantities and may have special biological qualities. 

Some higher N-containing oligosaccharides have been determined to 
be present in human milk (5, 19), although these have not been identi- 
fied. Likewise, in this study higher N-containing, Morgan-Elson-posi- 
tive saccharides have been synthesized by the rat mammary gland ex- 
tracts, giving impetus to the belief that the mammary gland is indeed 
a rich source of newly found enzymes important in the production of 
subtle qualities of milk. 


SUMMARY 


3-0-8-p-Galactopyranosyl-N-acetyl-p-glucosamine has been synthesized 
for the first time upon incubation of lactose, N-acetyl-p-glucosamine, and 
cell-free tissue extracts from rat mammary gland, bull testes, and rat liver. 
The enzymatic synthesis led originally to a mixture of three isomeric 8-p- 
galactosides of N-acetyl-p-glucosamine; namely, 90 per cent of the 3-O-6-p-, 
approximately 9 to 10 per cent of the 4-O0-8-p-, and trace amounts of the 
6§-0-8-p-galactopyranosyl-N-acetyl-p-glucosamine. With rat mammary 
gland the formation of higher N-containing Morgan-Elson-positive oligo- 
saccharides was observed. 
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bull testes, approximately 85 mg. of square platelets crystallized on stand- 
ing over a period of several days at +5°. These were found to be identical 
in melting point, Risct, and growth-promoting activity for L. bifidus with 
the previously described 4-0-8-p-galactopyranosy]-N-acetyl-p-glucosamine 
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microbiologic growth activity. 1 unit of growth activity for L. bifidus var. 
pennsylvanicus was found in 1.8 mg. of the chromatographically homo- 
geneous, amorphous substance. This, together with the positive Morgan- 
Elson reaction and the Rj,.¢ of 1.14, is consistent with the previously 
observed characteristics for 6-O-8-p-galactopyranosy]-N-acetyl-p-glucosa- 
mine (9). 


DISCUSSION 
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tered in human milk as such, but are probably units of the higher N-con- 
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pyranosyl-N-acetyl-p-glucosamine is such a constituent has already been 
well established; it is a part of lacto-N-tetraose (18), two pentaoses, and a 
hexaose (6). The present study represents the first reported enzymatic 
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high growth-promoting activity for L. bifidus var. pennsylvanicus. 
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galactosides with liver homogenates and bull testes was unexpected. Even 
more unexpected was the formation of these galactosides with crude ex- 
tracts of bull testes; when purified hyaluronidase (5000 t.r.u. per mg.) was 
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this study indicates that these saccharides may occur in all glandular tis- 
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HOMOGENTISATE METABOLISM: THE ISOMERIZATION 
OF MALEYLACETOACETATE BY AN ENZYME 
WHICH REQUIRES GLUTATHIONE* 


By SALLY W. EDWARDS} anvn W. EUGENE KNOX 


(From the Cancer Research Institute, New England Deaconess Hospital, and 
the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, June 6, 1955) 


The first product of homogentisate oxidation has recently been identi- 
fied as maleylacetoacetate (MAcAc) and its quantitative accumulation 
from homogentisate by a liver enzyme preparation has been described (1). 
The present paper describes the cis-trans isomerization of MAcAc to 
fumarylacetoacetate (FAcAc) by a new enzyme, MAcAc isomerase. 
FAcAc hydrolase, an enzyme which appears to be identical with enzymes 
described under the names triacetic acid-hydrolyzing enzyme (2) and acyl 
pyruvase (3), converts FAcAc to fumarate and acetoacetate (4), the prod- 
ucts of homogentisate metabolism in a crude liver extract. The meas- 
urement and separation of the isomerase reaction and the accumulation of 
its product complete the evidence that the metabolism of homogentisate 
can be described by the reactions presented in the diagram shown below. 

The isomerase and hydrolase reactions were separated from homogen- 
tisate oxidase (1) and now have been separated from each other, first, by 
removal of the cofactor for the isomerase reaction and, second, by fractiona- 
tion of the enzyme proteins to free one from the other. The isomerase 
has a specific requirement for reduced glutathione (GSH) as the coenzyme 
for its reaction. This is unlike other known coenzyme functions of GSH, 
and our results suggest that GSH is intimately concerned with the isomeri- 
zation. GSH, in concentrations much higher than those needed in the 
presence of the isomerase, can catalyze an isomerization of MAcAc in the 
absence of isomerase, but at a rate many times slower than that of the 
isomerase-catalyzed reaction. 


EXPERIMENTAL 


Substrates—MAcAc solutions were prepared by the complete oxidation 
of homogentisate with the alcohol-precipitated homogentisate oxidase as 


* This investigation was supported by grants No. A298 and A567 from the National 
Institute of Arthritis and Metabolic Diseases, United States Public Health Service, 
and by the United States Atomic Energy Commission contract No. AT-(30-1)-901 
with the New England Deaconess Hospital. 


t Research Fellow of the Institute of Arthritis and Metabolic Diseases, Public 
Health Service. 
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described previously (5). Metaphosphoric acid filtrates of the enzyme 
reaction mixture were adjusted to pH 8.0 and lyophilized. Dry prepara- 
tions of MAcAc were much more stable than the aqueous solutions. 
FAcAc solutions were prepared by isomerizing aqueous MAcAc solutions 
in acid (5). A method by which these compounds can be determined 
singly or in mixtures, based on their absorptions at 330 my at pH 1 and 
13, has been described previously (5). 

Preparation of Enzymes—Both FAcAc hydrolase and MAcAc isomerase 
were prepared from the supernatant fraction of a liver homogenate ad- 
justed to pH 7.2 (1). Each ethanol fraction was dissolved in 0.03 m 
sodium acetate and readjusted to pH 7.2 before refractionation. The tem- 
perature was kept between —5° and 0° during the fractionation. Solu- 
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tions of the enzymes were adjusted to pH 7.5 and frozen at —10° when 
not in use. Under these conditions both enzyme activities were stable 
for 6 months. 

FAcAc hydrolase was obtained nearly isomerase-free by repeated ethanol 
fractionation from both beef and rat livers. No attempt was made to ob- 
tain high yields or specific activity, as the main object of these prepara- 
tions was the elimination of isomerase activity so that the hydrolase prep- 
arations were usable in the isomerase assay. Beef liver was the most 
convenient starting material for the large scale preparation of isomerase- 
poor hydrolase. The supernatant fraction of 33 per cent beef liver homog- 
enate (1.4 liters), having an isomerase k (rate constant) of 58 and a hydro- 
lase activity of 2.8 per ml., was precipitated between 32 and 60 per cent 
ethanol. The 32 to 60 per cent ethanol fraction was reprecipitated in 50 
per cent ethanol and the precipitate was washed with 60 per cent ethanol 
before it was redissolved. This fraction had an isomerase k of 2.7 and a 
hydrolase activity of 6.0. After another precipitation at 50 per cent eth- 
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anol, the preparation had an isomerase k of only 0.24 and a hydrolase 
activity of 6.4 per ml. The hydrolase activity in the final fraction was 8.3 
per cent of the activity of the starting material. There was a 10-fold in- 
crease in hydrolase specific activity (per mg. of protein) over that of the 
starting material. The preparation was sufficiently free of isomerase to 
be used for the assay of the isomerase activities of other preparations. 

The isomerase was more soluble than the hydrolase in high concentra- 
tions of ethanol. In a typical preparation starting with the supernatant 
fraction of a 33 per cent rat liver homogenate, which had an isomerase k 
of 80 and a hydrolase activity of 3.7 per ml., 20 per cent of the isomerase 
was obtained in the fraction precipitated between 75 and 85 per cent 
ethanol. This fraction had an isomerase k of 120 and a hydrolase activity 
of 1.0 per ml. There was an 18-fold increase in the specific activity of the 
isomerase over that of the starting material. 

Assay of FAcAc Hydrolase—This enzyme was assayed spectrophoto- 
metrically at room temperature (generally 26°). Enzyme was added at 
zero time to 1 cm. cuvettes containing 1.0 ml. of 0.2 m phosphate buffer at 
pH 7.5, the amount of substrate which would have an initial optical den- 
sity of 1.2, and water in a total volume of 3.0 ml. The readings were made 
at 330 mu against duplicate enzyme mixtures with no substrate. The 
rate of reaction was linear with time to optical densities of less than 0.1 
and was proportional to enzyme concentration. The enzyme activity 
was expressed as the change in optical density of FAcAc which would be 
produced by 1 ml. of the enyzme in a total volume of 3.0 ml. in 1 minute 
under the conditions just described. The activities of all preparations 
were 15 times as great on a molar basis as the activities in a similar optical 
method with a,y-diketovalerate, the preferred substrate for the acyl py- 
ruvase and triacetic acid-hydrolyzing enzymes (2, 3). 

Assay of MAcAc Isomerase—The general conditions for the assay of 
isomerase were those described for the FAcAc hydrolase assay. An ex- 
cess of isomerase-poor FAcAc hydrolase (sufficient to cause a density 
change of at least 1.0 per minute in the assay with FAcAc) was added to 
the MAcAc substrate before the assay in order to hydrolyze any FAcAc 
which might be present in the preparation and to remove FAcAc formed 
during the isomerization reaction. The substrate concentration was 
chosen so that the optical density referable to MAcAc would be 1.5 to 1.3 
at zero time. At zero time 2.5 umoles of GSH (final concentration 10-* m) 
were added and the blank reaction was followed at 30 second intervals for 
2 minutes. This blank reaction consisted of a non-enzymic isomerization 
produced by GSH and the isomerization by isomerase contaminating the — 
hydrolase preparation. It amounted to less than a 0.1 decrease in optical 
density of MAcAc per minute. At 3 minutes an amount of isomerase was 
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added which decreased the optical density at an initial rate of 0.1 to 0.9 per 
minute after the blank reaction was subtracted. Readings were made at 
30 second intervals for 3 to 4 minutes. The reactions of some isomerase 
preparations closely followed first order kinetics. The isomerase activity 
was expressed as a first order rate constant, k = A log optical density per 
minute, calculated as follows: 


_ log Si — log S: 
7 th— th 


k’ = A log optical density per min. 


where ¢ = minutes and S = observed optical density minus optical density 
of unhydrolyzable material at the end of the reaction. The k’ of the blank 
reaction was subtracted from the k’ of the over-all reaction to give the k 
(rate constant) of the isomerase preparation. This was expressed per ml. 
of enzyme preparation. 

The reactions with certain isomerase preparations deviated from first 
order kinetics. These deviations were more marked in the partially puri- 
fied than in the crude preparations. They resulted largely from a com- 
bination of substrate inhibition and activation of essential sulfhydryl 
groups of the isomerase in the course of the reaction. These properties of 
the isomerase will be described below. Nevertheless, it was possible to 
make consistent comparisons of isomerase activities under the variety of 
conditions studied when the important variables were controlled. Iso- 
merase k values were compared only from assays made on the same day 
with the same substrate and hydrolase solutions and with fixed concen- 
trations of each. The k figures cited for non-linear reactions were deter- 
mined from initial rate measurements made 3} to 1 minute after the addi- 
tion of isomerase to the assay. 

The reactions of two types of isomerase preparations, each in several 
concentrations, are illustrated in Figs. 1 and 2. Both preparations reacted 
linearly only when treated with ascorbate and Versene (as described in Fig. 
1, legend) to protect sulfhydryl groups. With this treatment the k values 
of the crude enzyme preparation of Fig. 1 were proportional to enzyme 
concentration and the k values of the partially purified enzyme of Fig. 2 
were approximately so. When the partially purified enzyme was treated 
with GSH in addition to ascorbate and Versene before the assay, charac- 
teristic non-linear reactions shown in Fig. 2 were observed. The more 
rapid early reaction was attributed to an activation by GSH of isomerase 
sulfhydryl groups, and the progressive slowing of the reaction was attrib- 
uted to inhibition by the substrate which affected the partially purified 
enzyme more than the crude enzyme. Non-linear reactions increasing in 
rate were sometimes obtained with isomerase preparations when they were 
not treated with GSH before the assay. These increases of rate during the 
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reaction presumably resulted from reduction of the isomerase sulfhydryl 
groups during the assay by the GSH added at zero time. 


Properties of MAcAc Isomerase 


pH Optimum and Reaction in Different Buffers—In experiments between 
pH 7.5 and 9.0 with phosphate buffers, isomerase showed a maximal ac- 
tivity around pH 8.5. The rate at pH 7.5 was approximately two-thirds 
that of the maximal rate. The enzyme did not lose activity when incu- 
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Fic. 1. The reaction of MAcAc isomerase in three concentrations of crude liver 
supernatant fraction incubated with 0.005 m ascorbate in 0.05 m Versene, pH 7.5, for 
20 minutes at room temperature before the assay. The activity of the enzyme (k) 
was 60, 60, and 58 per ml., respectively, when 0.001 (X), 0.002 (@), and 0.004 (O) ml. 
of the isomerase preparation were present in the assay. 

Fic. 2. The reaction of two concentrations of a partially purified MAcAc isomerase 
fraction. The 60 to 75 per cent ethanol fraction of liver was incubated with ascor- 
bate and Versene before the assay, as described in Fig. 1, with (dotted line) and with- 
out (solid line) 0.005 m GSH also present. The reaction of 0.001 (A) and 0.002 (A) 
ml. of the enzyme incubated with GSH before the assay was not linear. Without 
GSH treatment before the assay, the reaction was slower but linear and the k for 
0.001 (@) and 0.002 (©) ml. of enzyme was 62 and 82 per ml., respectively. 


bated at pH 7.5 for 30 minutes under the conditions of the assay but in the 
absence of substrate. 

The isomerase reaction occurred as rapidly in Versene and borate buffers 
as in phosphate and slightly more rapidly (130 per cent) in pyrophosphate 
buffer. In collidine buffer the rate was only 30 per cent of that in phos- 
phate buffer. This inhibition was due to collidine and not to a lack of the 
activation by phosphate, since equal inhibition was demonstrated when 
phosphate was present together with collidine buffer. All of our MAcAc 
preparations contained metaphosphoric acid (other deproteinizing agents 
were unsatisfactory), so we were not able to test the isomerase reaction in 
the complete absence of phosphate. 
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Requirement for GSH As Coenzyme of Isomerase Reaction—Even crude 


undialyzed preparations of isomerase were markedly activated by the ad- 
dition of GSH. With an excess of dialyzed enzyme a coenzyme effect 
could be detected with concentrations of GSH of 2.5 X 10~® m in the assay, 
With a crude preparation, a half maximal effect was obtained with 10-5 4 
GSH and a maximal effect with 10-* m GSH. With a partially purified 
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Fic. 3. The specificity of GSH as the coenzyme of the isomerase reaction. The 
activity (dotted line) of 2.5 umoles of GSH (A) is compared with the inactivity (solid 
line) of the same amounts of cysteinylglycine (@), glutamylcysteine (X), coenzyme 
A (QO), and cysteine (O). The dipeptides (*) permitted a more rapid reaction when 
GSH was added later than did the other compounds tested. 

Fig. 4. Products of the spontaneous reaction of MAcAc with GSH. The absorp- 
tion spectra at pH 13 are given for a mixture of MAcAc (0.13 umole per ml.) and 
FAcAc (0.02 umole per ml.) before (O) and after (X) reaction at neutral pH with 
excess GSH in the absence of isomerase. The spectrum of the addition product was 
not formed in the presence of an excess of FAcAc hydrolase (@). 


enzyme the GSH requirement for a maximal effect was increased to 10-? u 
but was decreased again after incubation with GSH before the assay. 
These large concentrations of GSH in the assay, or incubation of the enzyme 
with low concentrations of GSH before the assay, were required for reac- 
tivation of essential sulfhydryl groups of the partially purified isomerase. 

Fig. 3 illustrates the type of experiment which was used to demonstrate 
the specificity of GSH as the coenzyme of the isomerase reaction. The 
addition of isomerase to the otherwise complete reaction mixture was fol- 
lowed by MAcAc hydrolysis only when GSH was present. GSH could not 
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be replaced by 2.5 uwmoles of coenzyme A, cysteine, cysteinylglycine, or 
glutamyleysteine, as shown in Fig. 3, nor in other experiments by thio- 
glycolic acid, dithiopropanol (BAL), HS, thiomalic acid, oxidized gluta- 
thione, or ascorbic acid. The subsequent addition of 2.5 umoles of GSH 
to the reaction mixtures which contained these inactive compounds per- 
mitted the reaction to occur, as shown in Fig. 3. 

Non-Enzymic Isomerization of MAcAc by GSH—In the absence of en- 
zyme 1 molecule of GSH, determined by KIO; titration (6), reacted with 
1 molecule of either diketo acid to form an addition compound. This com- 











TABLE I 
Non-Enzymic Reaction of Maleylacetoacetate and Fumarylacetoacetate with 
Glutathione 
MAcAc FAcAc GSH soDuen i. 
pmole per ml. umole per ml. pmoles per ml. 
0.13 0.02 0.8 0.024 
0.08 0.00 0.9 0.208* 
0.13 0.02 8.3 0.240 
0.13 0.02 8.3 0.252 
0.02 0.11 0.8 0.320 
0.02 0.11 8.3 2.46 











The decreases in optical density were determined at 330 my in phosphate buffer, 
pH 7.5. The initial rate is for 1 minute after the addition of GSH. The FAcAc- 
GSH addition product was formed quantitatively in all reaction mixtures except 
that containing an excess of hydrolase. The molar extinction coefficient of the 
product was determined after the reaction had gone to completion (1 to 4 hours 
after the start of the reaction). The average ¢ of several determinations was 19,000. 

* The reaction contained 0.02 mg. of hydrolase-poor isomerase. 

t The reaction contained an excess of isomerase-poor hydrolase. 


pound was assumed to be the diketo acid analogue of the addition com- 
pound observed by Morgan and Friedmann (7) to be formed by addition 
of GSH to the olefinic bond of maleate. The addition product was very 
similar to succinylacetoacetate (5) in its spectrum (Fig. 4) and its extinc- 
tion coefficient (Table I). However, since it was not attacked by FAcAc 
hydrolase, it could be distinguished from succinylacetoacetate which was 
hydrolyzed by this enzyme (5). It could also be excluded as a possible 
intermediate of the isomerase reaction, since it was not attacked by the 
complete isomerase-hydrolase system. 

A study of the rates of formation of the addition compound from MAcAc 
and from FAcAc by a modification of the isomerase assay procedure indi- 
cated the following sequence of reactions (Table I). 


MAcAc a. FAcAc + GSH — FAcAc-GSH addition product 
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FAcAc reacted much more rapidly than MAcAc, which was surprising in 
view of previous observations that trans olefinic compounds did not react 
with thiols (7). Both reactions were proportional to the GSH concentra- 
tion. Because of the rapid reaction of FAcAc it was not possible to dem- 
onstrate its intermediate formation in the non-enzymic reaction of GSH 
and MAcAc. However, evidence for this reaction was obtained by the 
addition of the separate enzymes to reaction mixtures of GSH and MAcAe. 
The slow rate of product formation from MAcAc was accelerated to nearly 


TaBLeE II 
Activators and Inhibitors of Isomerase 














| Concentration of reagent 
Reagent cuted eae 
During incubation During assay . 
M M 
GIGCGURIORG 0... oc cece caeeeces | 1 X 10-3 8 X 10-4 490 
Glutamyleysteine..................| 8X 10-4 8 X 10-4 320 
Cysteinylglycine................... | 8x10 | 8x 10-4 400 
aS pce aes | xno ) Bxm | 250 
Thioglycolate...................... | 1X10% | 8X 10 40 
Hydrogen sulfide................... | 5xX10?% | 8X 10 60 
ent ere errr | 1x103 | 8X10 | 140 
Diethyldithiocarbamate............ | 2X | Few 20* 
Mercurie chloride.................. 1 X 10-4 2xX10-° | 20* 
N-Ethylmaleimide................. 5 X 10-4 8 X 10-6 0 


p-Chloromercuribenzoate...........| 5 X 10-4 | 8 X 10-6 | 10* 

Isomerase in a 50 to 60 or 60 to 75 per cent ethanol fraction was incubated for 
10 or 20 minutes with each of the reagents in the concentration given and then as- 
sayed. The activities were compared with the activity of the same enzyme incu- 
bated with buffer alone. Each enzyme was assayed in the presence of 8 X 10-‘m 
glutathione. 

* These inhibitions were reversed by the addition of 0.005 m GSH for a second 10 
minute incubation period. 





that observed with FAcAc by the addition of isomerase, indicating that 
isomerization was the rate-limiting step. In the presence of hydrolase the 
rate of MAcAc disappearance was not altered, but the GSH addition com- 
pound was not formed (Fig. 4) because FAcAc was immediately hydrolyzed. 

Essential Sulfhydryl Groups of Isomerase—All the compounds tested for 
their ability to replace GSH as coenzyme in the reaction, except coenzyme 
A, were also tested as sulfhydryl activators of the enzyme. As shown in 
Table II, the sulfhydryl-containing peptides were the most effective acti- 
vators. Cysteine and ascorbate were less effective. Some of the other 
compounds, like thioglycolic acid, inhibited when incubated with the en- 
zyme before the assay. 
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Experiments with sulfhydryl reagents, also shown in Table II, suggested 
that the enzyme contained essential sulfhydryl groups. Méercuric ion, p- 
chloromercuribenzoate, and N-ethylmaleimide inactivated the enzyme. 
These effects could not have been due to reaction with GSH, since a con- 
centrated solution of enzyme was treated with the sulfhydryl inhibitor 
before the assay and both were then diluted for the assay so that the con- 
centration of sulfhydryl inhibitor was negligible compared to that of GSH 
added for the assay. After the inhibition by Hg** or p-chloromercuri- 
benzoate had occurred, the addition of GSH for another 10 minute incuba- 
tion period before the assay reversed the inhibition. 

The enzyme was not particularly sensitive to metals other than Hg**+. 
It was inhibited 82 per cent by incubation with 10-* m Cu**, but was only 
slightly inhibited by similar concentrations of Mn**, Fet*, Ca**+, and Mg**. 
Lower concentrations of these metals in the presence of GSH did not ac- 
tivate. Other metal complex-forming reagents tested (10-* M a,a-dipyr- 
idyl and 3 X 10“ m 8-hydroxyquinoline and phenylthiourea) also had 
little effect on activity. Diethyldithiocarbamate inhibited the enzyme, 
but this inhibition was prevented by GSH. Thus no evidence was ob- 
tained that a metal ion was required for the reaction. 

The activity of the FAcAc hydrolase was not affected by treatment with 
any of the reducing compounds, metals, or sulfhydryl reagents tested. Ap- 
parently it did not depend upon sulfhydryl groups for its activity. The 
activations and inhibitions observed in the assay system and given in 
Table II could therefore be attributed only to effects on the isomerase. 

Substrate Inhibition of Isomerase Reaction—Fig. 5 shows the effect of 
substrate concentration on the reaction of the isomerase. An increased 
substrate concentration inhibited the partially purified enzyme more than 
the crude enzyme. The inhibition of the partially purified enzyme in- 
creased rapidly with time, whereas the inhibition of the crude enzyme did 
not. There was no indication that the difference in behavior of the two 
preparations resulted from the removal of a second cofactor or enzyme by 
purification, nor that the decrease in reaction rates with time was caused 
by product inhibition or by excess GSH. The partially purified enzyme 
was not significantly inhibited by solutions from which the substrate had 
been removed enzymically, and it was not inhibited by incubation with 
the substrate in the absence of GSH before the assay. The enzyme ap- 
peared to be inactivated by the reaction itself, and the partially purified 
enzyme was more susceptible to this type of inactivation. 

Substrate Specificity of Isomerase—MAcAc was the only compound 
isomerized among a number of cis and trans compounds tested with the 
isomerase-GSH system. The compounds were incubated in a concentra- 
tion of 0.5 mm (except for maleic acid which was tested in a concentration 
of 5 mm) for 20 to 40 minutes with sufficient isomerase and GSH to isomerize 
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completely a 40 to 90 mM solution of MAcAc in the same length of time, 
The optical density was determined at pH 7.5 at an appropriate wave. 
length to indicate the occurrence of isomerization. The following acids 
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Fig. 5. Substrate inhibition of the reactions of two isomerase preparations. The 
reaction rate (k) is plotted against time after the addition of isomerase. The crude 
liver supernatant fraction (solid line) was tested with two different substrate con- 
centrations giving initial optical densities of 1.460 (O) and 0.760 (@). The partially 
purified isomerase (dotted line) was incubated with 0.005 m GSH for 20 minutes at 
room temperature before assay. It was tested with three substrate concentrations 
having initial optical densities of 1.350 (X), 0.810 (0), and 0.590 (A). 

Fig. 6. The accumulation of FAcAc (dotted line) formed enzymically from 
MAcAc (solid line). The absorption curves are of the undiluted reaction mixtures 
at pH 1 (@) and pH 13 (X). 1.18 wmoles of MAcAc and 0.14 ymole of FAcAc were 
incubated with 0.6 umole of GSH and isomerase in 1 ml. of phosphate buffer, pH 9.5, 
at room temperature for 1 minute and the reaction was terminated by the addition of 
0.2 ml. of 1n NaOH. After the reaction the solution contained 1.37 ymoles of FAcAc 
and 0.03 umole of MAcAc. 


were studied (at 235 my if the wave-length is not given in parentheses): 
maleic (275 my), angelic, tiglic, cis ,cis-muconic (290 my), cis ,trans-muconic, 
isocrotonic, and crotonic acids. The isomerization of any of these com- 
pounds at one-thousandth the rate of the MAcAc isomerization could have 
been detected had it occurred. 


Main Pathway of Homogentisate Metabolism 


To show that homogentisate metabolism proceeds by the pathway de- 
scribed in the introduction it was necessary to show that the reactions of 
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MAcAc isomerase and FAcAc hydrolase were not limiting in the crude 
extract, Which oxidized 4 to 9 wmoles of homogentisate per ml. in 10 min- 
utes (5). Comparison of the activities given for the starting materials of 
the enzyme preparations shows that the isomerase was in great excess over 
the hydrolase in both rat and beef liver. The usual hydrolase activity of 
the crude extract was about 3.7. From the molar extinction coefficient of 
10,700 at 330 my for FAcAc (5), and the assumption of a temperature co- 
efficient of 2 for FAcAc hydrolase, it can be calculated that 1 ml. of the 
erude extract would hydrolyze about 7 umoles of FAcAc in 10 minutes 
at 37°. 

To complete the evidence that the isomerase reaction was an intermedi- 
ate step in homogentisate metabolism, it was necessary to demonstrate 
that FAcAc was formed from MAcAc by the isomerase. The separate 
reaction of isomerase was demonstrated with a preparation relatively free 
of hydrolase activity, acting in the presence of a low concentration of GSH 
to minimize its spontaneous reaction with FAcAc and at pH 9.5 at which 
the spontaneous reaction was one-fifth as rapid as at pH 7.5. Substan- 
tially complete conversion of MAcAc into FAcAc occurred in 1 minute, as 
indicated by the spectra of the starting material and the product given in 
Fig. 6, and was confirmed by enzymic degradation of the FAcAc formed. 
A complete non-enzymic reaction of MAcAc under these conditions oc- 
curred only after many hours. 


DISCUSSION 


From previous work (5) we had postulated the pathway of homogentisate 
metabolism which is illustrated in the introduction. In the present work 
the separation of MAcAc isomerase from other enzymes of homogentisate 
metabolism permitted the accumulation of FAcAc as a product of MAcAc. 
It has been shown that both the isomerase and hydrolase reactions in liver 
extracts could occur as rapidly as the over-all reaction. Thus-the essential 
evidence for the postulated pathway of homogentisate metabolism has 
now been obtained. 

The cis-trans isomerization of MAcAc to FAcAc is, to our knowledge, 
the first geometric isomerization shown to be catalyzed by an enzyme. In 
all probability similar isomerases will be found, since other cis-trans iso- 
merizations are known to occur as a result of the action of biological sys- 
tems, at least in the metabolism of vitamin A (8) and of benzene (9). It 
is unlikely that MAcAc isomerase itself will catalyze these other isomeriza- 
tions, since it was highly specific for MAcAc among a variety of closely 
related substrates tested. It is possible, however, that GSH, the coen- 
zyme for the MAcAc isomerase reaction, will be a coenzyme for other cis- 
trans isomerizations, since it possesses some isomerizing activity itself. 
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Morgan and Friedmann reported in 1938 (7) a non-enzymic isomeriza- 
tion of maleate to fumarate catalyzed by GSH and by a few other thiols. 
They isolated from this reaction a maleate-GSH complex whose analysis 
suggested that GSH had added to the olefinic bond of maleate. The prop- 
erties of similar maleate-thiol complexes provided further evidence for this 
type of addition. A cis compound which did not form a complex with 
thiols was not isomerized. Trans isomers, including fumarate, did not 
react with GSH nor did they isomerize. This suggested to the authors 
that the addition of GSH was essential to the isomerization. However, 
the authors did not believe that the complex which they isolated was the 
true intermediate of the isomerization reaction. They suggested that 
“two main reactions thus proceed simultaneously: (1) simple addition and 
(2) addition plus rearrangement.” 

The diketo acid analogues MAcAc and FAcAc behaved somewhat differ- 
ently from maleate and fumarate in their reactions with GSH. Unlike 
fumarate, FAcAc did react with GSH to give a stable addition product. 
It appeared that MAcAc and GSH formed a stable addition product only 
after conversion of MAcAc to FAcAc. However, MAcAc behaved like 
maleate in that it was isomerized by reaction with GSH. By analogy to 
the reaction of maleate with GSH, an unstable GSH-MAcAc addition com- 
pound different from the stable FAcAc-GSH compound is postulated as 
the intermediate of the isomerization reaction. 

It seems reasonable to expect that in the enzyme-catalyzed isomeriza- 
tion a similar but unknown kind of interaction of GSH and MAcAc is 
involved. The isomerase apoenzyme must greatly facilitate this inter- 
action of GSH and MAcAc, since the enzyme-catalyzed isomerization is 
many times more rapid than the non-enzymic GSH-catalyzed isomerization 
of MAcAc. 


SUMMARY 


Maleylacetoacetate isomerase, a new type of enzyme which catalyzes a 
cis-trans isomerization, is described. The enzyme converts the first prod- 
uct of homogentisate oxidation, maleylacetoacetate, to the trans isomer, 
fumarylacetoacetate. Evidence is provided that maleylacetoacetate and 
fumarylacetoacetate are intermediates of homogentisate metabolism, and 
the pathway in liver may be described as homogentisate — maleylaceto- 
acetate — fumarylacetoacetate — fumarate and acetoacetate. 

Maleylacetoacetate isomerase has been separated from other enzymes of 
homogentisate metabolism. The properties of the enzyme are described. 
Glutathione is specifically required as a coenzyme for the reaction. The 
relation of glutathione to the isomerization reaction is discussed in view of 
evidence that glutathione itself can slowly catalyze cis-trans isomeriza- 
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tions, including the isomerization of maleylacetoacetate, in the absence 
of the isomerase. 


The authors are grateful to Mr. E. C. C. Lin for help with some of the 
determinations, to Dr. Heinrich Waelsch for the synthetic preparations of 
the dipeptides, cysteinylglycine and y-glutamylcysteine, to Dr. Fritz Lip- 
mann for the sample of coenzyme A, and to Dr. A. T. James, Dr. 8. Wakil, 
Dr. E. Bueding, and Dr. R. Y. Stanier who provided our samples of angelic, 
isocrotonic, tiglic, and muconic acids. 
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During the course of an investigation of the components involved in 
the electron transport pathway in Pseudomonas fluorescens (1), the problem 
arose as to the nature of the carriers mediating the transfer of electrons 
between the diaphorase and bacterial cytochrome c. 

Mahler and Elowe (2) have reported the involvement of iron as a com- 
ponent of the DPNH' cytochrome c reductase from pig heart. Removal 
of iron from the enzyme transformed the reductase to a diaphorase; addi- 
tion of iron restored reductase activity. In view of this, it was deemed 
advisable to investigate the possibility of reconstituting the cytochrome c 
reductase of Pseudomonas by adding iron to the diaphorase rather than 
the usual bacterial particles or dye. The addition of ferric iron to the 
diaphorase did not cause a reduction of cytochrome c; however, the enzyme 
could reduce the ferric iron, as indicated by the orange-red color which 
developed when orthophenanthroline was used as a complex-forming agent. 

In view of subsequent work from this laboratory demonstrating that 
inorganic ferrous iron under appropriate conditions could reduce cyto- 
chrome c non-enzymatically (3), it became clear that reduction of cyto- 
chrome c does not necessarily indicate the reconstitution of a cytochrome 
c reductase from inorganic iron and a diaphorase. Any enzyme possessing 
the capacity to reduce ferric iron would appear to have some cytochrome 
c reductase activity. 

* Contribution No. 122 of the McCollum-Pratt Institute. This investigation was 
aided by grants from the American Cancer Society, as recommended by the Com- 
mittee on Growth of the National Research Council, the Rockefeller Foundation, 
and the National Cancer Institute, National Institutes of Health (grant No. C-2374). 

+ Postdoctoral Fellow in Cancer Research of the American Cancer Society. 


t Lalor Predoctoral Fellow. Present address, Loomis Laboratories, Greenwich, 
Connecticut. 

1 The following abbreviations are used: DPN and DPNH, unreduced and reduced 
diphosphopyridine nucleotide, respectively; TPN and TPNH, unreduced and re- 
duced triphosphopyridine nucleotide, respectively; FMN, flavin mononucleotide; 
FAD and FADHp, unreduced and reduced flavin adenine dinucleotide; GSSG and 
GSH, unreduced and reduced glutathione, respectively; Tris, tris(hydroxymethy])- 
aminomethane; ADH, yeast alcohol dehydrogenase; TPD, rabbit muscle triosephos- 
phate dehydrogenase. 
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Although the Pseudomonas cytochrome c was not reduced by the dia- 
phorase plus ferric iron under aerobic conditions, anaerobic incubation of 
Pseudomonas diaphorase and ferric iron prior to the addition of cytochrome 
c caused an immediate reduction of the cytochrome. This is in confirma- 
tion of our earlier finding with the animal diaphorase and cytochrome ¢ 
(3). 

The present report is concerned with an investigation of iron-reducing 
systems, and it will be shown that iron reduction appears to be a property 
of flavin enzymes and is not limited to enzymes which normally reduce 
cytochrome c. 


Materials and Methods 


Coenzymes and Other Materials—DPN and TPN of 90 per cent purity 
were obtained from the Pabst Laboratories. DPNH was prepared en- 
zymatically by the method of Pullman e¢ al. (4) and TPNH enzymatically 
by the use of the pig heart isocitric dehydrogenase, as described by Nason 
and Evans (5). FAD of 40 per cent purity and FMN were obtained from 
the Sigma Chemical Company, 2,6-dichlorophenolindophenol from the 
Distillation Products Industries, and 1,10-orthophenanthroline mono- 
hydrate from the G. Frederick Smith Chemical Company. The concen- 
trations of FAD and FMN were determined from their extinction coeffi- 
cients at 450 my of 1.13 X 10’ sq. em. X mole and 1.22 X 10’ sq. cm. X 
mole, respectively (6). Animal cytochrome c was obtained from the 
Mann Biochemical Company. 

Measurements—All| measurements were performed with a Beckman model 
DU spectrophotometer with 3.0 ml. cuvettes with a 1.0 cm. light path. 
All the reactions were run at room temperature. Cytochrome c reduction 
was determined by an increase in optical density at 550 my, and 2,6-di- 
chlorophenolindophenol reduction by a decrease in extinction at 610 mu. 
Ferrous-orthophenanthroline complex formation, in which 3 moles of 
orthophenanthroline bind 1 atom of Fe+*, was measured by an increase 
in optical density at 510 my. The extinction coefficient was found to be 
1.13 X 10’ sq. cm. X mole. Xanthine oxidase activity was determined 
by the increase in absorption at 290 my resulting from uric acid forma- 
tion from hypoxanthine, as described by Kalckar (7). Protein was esti- 
mated by the method of Warburg and Christian (8). 

Enzymes—P. fluorescens extracts were prepared from cells grown in 
unaerated cultures by the method of Lenhoff and Kaplan (9). Diaphorase 
was prepared from pig heart by the method of Straub (10). TPNH cyto- 
chrome c reductase from pig liver, aldehyde oxidase from rabbit liver, and 
glutathione reductase from yeast were prepared by the methods of Horecker 
(11), Hurwitz (12), and Racker (13), respectively. Rabbit muscle crys- 
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talline TPD was kindly supplied by Dr. Gale Rafter. Xanthine oxidase, 
crystalline catalase, and crystalline ADH were obtained from the Worth- 
ington Biochemical Corporation. In some assays, as will be noted in the 
results, xanthine oxidase was dialyzed against 0.001 m phosphate buffer, 
pH 7.5, to remove (NH4)2SOx. 
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Fic. 1. Reduction of various concentrations of iron by diaphorase and P. fluores- 
cens. Curves I, II, III, and IV designate 9, 4.5, 2.25, and 0.9 umoles of FeCl;-6H.0, 
respectively. Curve Ia represents the same concentration of iron as Curve I, except 
that 3.6 wmoles of orthophenanthroline were used rather than the amount in the re- 
action mixture described below. The reactions were started with enzyme, as desig- 
nated on the curve. A, pig heart diaphorase. The reaction mixture consisted of 
the concentrations of iron listed above, and 50 umoles of Tris, pH 7.5, 25 umoles of 
trisodium citrate-2H,O, 0.6 umole of DPNH, 12 umoles of orthophenanthroline (ex- 
cept as indicated above in Curve Ia), and 0.035 mg. of enzyme protein in a total vol- 
ume of 3.0ml. B, P. fluorescens extract. The same reaction mixture as in diaphor- 
ase, except 0.21 mg. of enzyme protein. 


Results 


It was noted that high concentrations of DPNH and orthophenanthro- 
line caused a slight non-enzymatic reduction of ferric iron. In order to 
minimize this effect, in determining the enzymatic reaction, low levels of 
DPNH and orthophenanthroline were used. Therefore, when high con- 
centrations of ferric iron were employed, DPNH and orthophenanthroline 
were limiting in the reaction. Furthermore, as can be seen in Fig. 1, A 
by comparing Curves I and Ia, increasing the concentration of ortho- 
phenanthroline three times causes a 2-fold increase in the enzymatic rate. 
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The increased rate observed may be indicative of the greater rapidity with 
which ferrous iron complex is formed by the higher concentration of ortho- 
phenanthroline, or the result of a displacement of equilibrium by removal 
of ionized ferrous iron, or a combination of both phenomena. In any event, 
however, we have previously demonstrated (3) that ferrous iron is formed 
enzymatically in the absence of orthophenanthroline. In consequence of 
these results, comparable conditions were adhered to in determining the 
rate of iron reduction in all the enzymes tested. 

Diaphorase—According to Fig. 1, A, diaphorase, the DPNH flavin en- 
zyme from pig heart which catalyzes the reduction of dyes, but not cyto- 
chrome c, can catalyze the reduction of ferric iron by DPNH. There is 
a slow non-enzymatic rate of iron reduction; however, a marked increase 
is noted after the addition of the enzyme. There is no apparent reduction 
of iron when DPNH is omitted from the reaction mixture. Weber, Lenhoff, 
and Kaplan (3) reported that, although this enzyme does not normally 
reduce cytochrome c, it can be made into an apparent cytochrome ¢ reduc- 
tase by virtue of its ability to catalyze the reduction of ferric iron. The 
ferrous iron so formed, in the presence of citrate (or any other complex- 
forming anion such as pyrophosphate, which can decrease the oxidation- 
reduction potential below that of cytochrome c) can now non-enzymatically 
reduce cytochrome c. 

P. fluorescens—As seen in Fig. 2, A and B, and Fig. 1, B, crude extracts 
from P. fluorescens in the presence of DPNH catalyze the reduction of the 
dye 2,6-dichlorophenolindophenol and ferric iron. Dialysis of these ex- 
tracts against 0.001 m KCN (final concentration inside and outside of 
dialysis bag) decreased the rate of both dye and iron reduction. It can 
be observed that the addition of flavin to these extracts restored the ac- 
tivity. FMN stimulated the rate of dye reduction more than either FAD 
or riboflavin, while it appears that FAD stimulated the rate of iron reduc- 
tion more readily than either FMN or riboflavin. Omission of either 
DPNH or enzyme resulted in no appreciable iron reduction. 

TPN Cytochrome c Reductase—This enzyme, from pig liver, was found 
to catalyze the reduction of dye and ferric iron in addition to cytochrome 
c. The rate of the reduction of ferric iron can be observed in Fig. 3, A. 
Although not indicated in this paper, different concentrations of citrate 
were used in all three assays. This was necessary, as it was found in pre- 
liminary experiments that citrate inhibited the rate of reduction of cyto- 
chrome c and increased the rate of dye reduction, and that an optimal 
concentration was necessary for the maximal rate of iron reduction. The 
interpretation of the results will be the subject of a subsequent publication. 

Horecker (11) has shown that, although FAD appears to be the prosthetic 
group of the enzyme, FMN will substitute in the reduction of cytochrome 
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c. The demonstration of the involvement of flavin in the enzymatic re- 
duction of iron was tested by treating the enzyme with acid (NH,).SO, to 
remove flavin from the enzyme according to the method of Warburg and 
Christian (14). The result on iron reduction is noted in Fig. 3, B. As 
can be seen, the addition of either FAD or FMN to the treated enzyme 
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Fic. 2. Effect of the removal of flavin from P. fluorescens extracts on the reduction 
of dye (2,6-dichlorophenolindophenol) and iron. Curve I designates untreated en- 
zyme; Curves II, III, IV, and V cyanide-dialyzed enzyme containing a final concen- 
tration of 8.0 X 10-§ m FMN, FAD, riboflavin, or no added flavin, respectively; and 
Curve VI, noenzyme. Cyanide-treated enzyme was incubated at room temperature 
for 5 minutes with the respective flavins before starting the reaction with DPNH. 
A, dye reduction. The reaction mixture contained, in addition to the designations 
on the curves, 50 umoles of Tris, pH 7.5, 25 wmoles of trisodium citrate-2H,O, 0.27 
zmole of dye, 0.6 umole of DPNH, and 0.21 mg. of untreated enzyme protein, or 0.19 
mg. of cyanide-treated enzyme protein in a total volume of 3.0 ml. B, iron re- 
duction. The reaction mixture contained the same concentrations of Tris, citrate, 
DPNH, and enzyme as in Fig. 2, A, but 9 wmoles of FeCl;-6H2O and 12 wmoles of 
orthophenanthroline instead of dye in a total volume of 3.0 ml. 


markedly stimulated the rate of reduction of iron. Similar stimulatory 
effects by flavin were obtained in the catalysis of reduction of both dye 
and cytochrome c by the acid (NH,).SO,-treated enzyme. 

Xanthine Oxidase—In attempting to demonstrate iron reduction by 
xanthine oxidase, it was found that the initial rates of reduction of all the 
concentrations of iron tested were approximately the same. This led us 
to believe either that the enzyme was saturated at even lower levels than 
those used in assaying the other flavin enzymes or that ferric iron was 
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being reduced by a mechanism different from that of the other flavin en- 
zymes tested. As this enzyme reacts with O, in the presence of hypo- 
xanthine to generate HO, it was thought that perhaps H.02 was acting 
as the reducing agent. Kuhn and Wassermann (15) demonstrated that 
HO; could reduce ferric iron in the presence of orthophenanthroline. In 
view of this and the results of Horecker and Heppel (16), who demon- 
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Fig. 3. Iron reduction by untreated and acid (NH,).SO,-treated pig liver TPNH 
cytochrome c reductase. A, untreated enzyme. The reaction mixture consisted 
of 50 umoles of Tris, pH 7.5, 0.15 mmole of trisodium citrate-2H.O, 12 wmoles of ortho- 
phenanthroline, 0.6 umole of TPNH, 0.08 mg. of enzyme protein, and 9.0, 4.5, 2.25, 
and 0.9 umoles of FeCl;-6H:0, as designated in Curves I, II, III, and IV, respec- 
tively, in a total volume of 3.0 ml. The reaction was started with enzyme. B, 
acid (NH,)2SO,-treated enzyme. The reaction mixture contained the same concen- 
trations of Tris, citrate, orthophenanthroline, and TPNH as in Fig. 3, A. It also 
contained 9.0 pmoles of FeCl;-6H,O and, as indicated on the graph, no added flavin, 
FAD, or FMN in a final concentration of 8.0 X 10-* m, and 0.18 mg. of enzyme protein 
in a total volume of 3.0 ml. The enzyme was incubated for 10 minutes at 0° with 
the flavin and the reaction started with TPNH. 


strated that O. was necessary for the reduction of cytochrome c by this 
enzyme, we attempted to reduce ferric iron anaerobically. The results 
(Fig. 4) indicate that very little iron was reduced under anaerobic condi- 
tions. However, when O, was bubbled into the reaction mixture, there 
was immediate reduction. Furthermore, the addition of increasing con- 
centrations of catalase correspondingly decreased the amount of iron re- 
duced (Fig. 4). Although not indicated on the graph, the addition of 1.0 
mg. of catalase completely inhibited iron reduction. 
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In Fig. 5, Curve V, cytochrome c was reduced only when QO, was intro- 
duced to the reaction mixture, thereby confirming the results of Horecker 
and Heppel (16). In the absence of small amounts of catalase, cytochrome 
c was reoxidized by a peroxidase present in the xanthine oxidase prepara- 
tion. This peroxidatic effect was not evident in the iron reduction assay, 
as the Fet*-orthophenanthroline complex is stable. Furthermore, as can 
be observed in Fig. 5, Curves I, II, and III, increasing concentrations of 
catalase, over the stimulatory level, decreased the amount of cytochrome 
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Fic. 4. Effect of catalase and anaerobiosis on the reduction of iron by xanthine 
oxidase. The reaction mixtures in the curves with the solid circles consisted of 0.15 
pmole of hypoxanthine, 0.45 ymole of FeCl;-6H.O, 1.5 wmoles of orthophenanthro- 
line, 50 umoles of phosphate buffer, pH 7.5, 50 wmoles of trisodium citrate-2H,O, 3 
mg. of enzyme protein, and the additions noted on the curves in a total volume of 
3.0ml. The reaction started with enzyme. The curve with the open circles consisted 
of the above constituents increased in concentration to bring the total volume to 
4.0 ml. The reaction started by tipping in xanthine oxidase from the side arm of 
an evacuated anaerobic cuvette. 


ec reduced. Here again (not indicated in Fig. 5), as with iron reduction, 
the addition of 1.0 mg. of catalase completely inhibited cytochrome c re- 
duction under aerobic conditions. 

Other Flavin Enzymes—As previously reported (17), crude extracts of 
Clostridium kluyveri reduce ferric iron in the presence of DPNH. Aldehyde 
oxidase, a flavoprotein from rabbit liver, catalyzes the reduction of ferric 
iron at a slow rate when N-methylnicotinamide serves as electron donor. 
p-Amino acid oxidase also catalyzed the reduction of iron at a slow rate. 
At present we are not certain as to the significance of this slow reduction. 

Non-Flavin Enzymes—Yeast TPNH, GSSG reductase, yeast ADH, and 
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rabbit muscle TPD did not catalyze the reduction of dye or ferric iron at 
pH 7.5 with TPNH, ethanol, and 3-phosphoglyceraldehyde as electron 
donors, respectively. In the presence of TPNH and GSSG, the GSH 
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Fig. 5. Effect of catalase and anaerobiosis on the reduction of cytochrome c by 
xanthine oxidase. Curves I, II, and III contained 0.05, 0.1, and 0.5 mg. of catalase, 
respectively. Curve IV contained no catalase. Curve V contained no catalase; 
anaerobic, O2 bubbled into the cuvette as designated. The reaction mixture in Curves 
I, II, III, and IV consisted of 50 wmoles of phosphate buffer, pH 7.5, 50 umoles of 
trisodium citrate-2H.O, 3 umoles of hypoxanthine, 0.06 umole of cytochrome c, 3 
mg. of enzyme protein, and the additions noted above in a total volume of 3.0 ml. 
Reaction started with enzyme. The reaction mixture in Curve V consisted of the 
above constituents increased in concentrations to bring the total volume to 4.0 ml. 
The reaction was started by tipping in xanthine oxidase from the side arm of an evac- 
uated anaerobic cuvette. 


formed by the action of GSSG reductase reduced both dye and ferric iron 
non-enzymatically. 
DISCUSSION 


It has been shown that, in addition to reacting with dyes, cytochrome 
c, and Os, flavin enzymes can catalyze the reduction of inorganic iron. 
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This appears to be a general property of flavin enzymes, as non-flavin 
dehydrogenases do not seem to catalyze this reduction. Furthermore, 
flavin enzymes such as the animal and Pseudomonas diaphorases that nor- 
mally do not reduce cytochrome c can reduce ferric iron. 

Although it was highly suggestive that reduced flavin was the electron 
donor to ferric iron, it was important to demonstrate this relationship. 
Two approaches were used. First a demonstration of the non-enzymatic 
reduction of ferric iron by FADHb, and, secondly, as noted in the text, 
direct indication by removal of the flavin from the enzyme by acid (NH4)>- 
SO, treatment and restoring activity by the addition of flavin. The former 
demonstration was carried out by reducing free FAD anaerobically in a 
Thunberg tube with DPNH and a crude extract from C. kluyveri, as de- 
scribed by Weber and Kaplan (17). The reaction mixture was boiled to 
inactivate the enzyme and then cooled. The addition of ferric iron and 
orthophenanthroline from the side arm caused an immediate reduction to 
ferrous iron by the free FADH». 

The apparent enzymatic reaction, in which E represents the enzyme, can 
be expressed as follows: 


DPNH + H+ + E-FAD — DPN?t + E-FADH,. 
E-FADH, + 2Fet*++ > E-FAD + 2Fet+ + 2H+ 
Net: DPNH + 2Fet++ — DPNt + 2Fe*++ + H+ 


Xanthine oxidase appears to reduce both iron and cytochrome c by a 
different mechanism from that of the other flavin enzymes. As mentioned 
in the results, we have been able to confirm the results of Kuhn and Was- 
sermann (15), which demonstrate that H,O, in the presence of ortho- 
phenanthroline can reduce inorganic iron. It may be that iron reduction 
occurs when H,0O, is formed by the oxidation of hypoxanthine. Although 
it has not been possible to reduce cytochrome c with free H,O2, the pos- 
sibility exists that enzyme-bound H,O, can act as the reductant. This 
can account for the necessity of O. for the enzymatic reduction of cyto- 
chrome c and iron, and the inhibition by relatively high concentrations of 
catalase. 

The stimulatory effect of low concentrations of catalase in cytochrome 
c reduction can be explained by assuming that free H,O, is broken down 
by the relatively low concentrations of catalase, thereby not permitting 
the peroxidase, contaminating the enzyme preparation, to oxidize the re- 
duced cytochrome c. High concentrations of catalase, however, may 
attack the H,O. bound to the enzyme and prevent the bound H,O, from 
acting as the reducing agent. The reduction of ferric iron can then be 
accounted for by both the free and bound H,Os, whereas cytochrome c 
reduction can be accounted for only by presumably enzyme-bound H,O.. 
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In this aspect it is significant that Horecker and Heppel (16) suggested that 
the requirement for O, for the reduction of cytochrome c by this enzyme 
was due to leucoflavoprotein oxidation which generated an intermediate 
oxidation product capable of reducing cytochrome c. 

The reaction for the reduction of iron by this enzyme, where AH; and A 
refer to hypoxanthine and uric acid, respectively, can be expressed as fol- 
lows: 

(1) AH, + E-FAD > E-FADH: + A 
(2) E-FADH: + O02 — E-FAD + H.O, 


(3) H.Os + 2Fe+*++-orthophenanthroline — 2Fe**+-orthophenanthroline + 2H* + 0. 
Net: AH. + 2Fe*+++-orthophenanthroline — A + 2Fe*+-orthophenanthroline + 2H* 





TABLE I 
Comparison of Amount of Dye and Iron Reduced by Flavin Enzymes 
The reaction mixture contained either 0.27 umole of dye (2,6-dichlorophenol- 
indophenol) or 4.5 umoles of FeCl;-6H.0, and the respective electron donors, buffers, 
and orthophenanthroline (in iron reduction), as noted in the figures representing the 
various enzymes, in a total volume of 3.0 ml. 








' | Dye reduced in| Fet++ reduced oles dye reduced 
Enaymes wre” "Loe | Sees 
je nieetabodtyy eta aoe ey - ‘ale winelle ed -~ oe 
DIGDNOPORS «5. oc ooo se scenes cass 0.078 0.021 3.7 
OT TER REE EE 0.213 0.045 4.7 
TPNH cytochrome c reductase...... 0.057 0.028 2.0 
Xanthine oxidase................... | 0.105 | 0.015 7.0 





In the above reaction, if orthophenanthroline were not present to trap 
the ferrous iron as it was formed, then Reaction 4 would result. 


(4) 2Fe++ + O. + 2H* > 2Fet** + HO 
The reaction for the reduction of cytochrome c can be expressed as fol- 
lows: 
AH, + E-FAD — E-FADH: + A 
E-FADH, + O. — [E-FAD-H:02] 


[E-FAD-H.0.] + 2 cytochrome c Fe**+*+ > E-FAD + 2cytochromec Fe**+ + 2H* + 0, 
Net: AH, + 2 cytochrome c Fe*** — A + 2 cytochrome c Fet+*+ + 2H* 





No attempt was made in the present study to resolve the rédle of molyb- 
denum in the reduction of cytochrome c by this enzyme. 

It is apparent from the data in Table I that all of the flavin enzymes 
tested seem to be different in their ability to catalyze the reduction of iron 
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and dye. The most outstanding difference in the ratio of dye to iron 
reduced is that of the xanthine oxidase. The difference in iron reduction 
by this enzyme as compared to that of the other systems has already been 
discussed. It is of interest, however, that catalase does not effect the re- 
duction of dye by this enzyme. This suggests that the reduced flavin on 
the enzyme may be directly responsible for the reduction of dye, in con- 
trast to iron and cytochrome c reduction where other factors may be in- 
volved. 

Animal diaphorase and P. fluorescens extracts do not normally catalyze 
the reduction of cytochrome c; yet they both can catalyze the reduction of 
inorganic iron. The possibility exists, of course, that the reduction of dye 
and iron is catalyzed by two different enzymes. This may be the case in 
P. fluorescens extracts, but is probably not so with the purified animal 
diaphorase. 


The authors are grateful to Mr. John Choate for preparation of the en- 
zymes used in this study. 


SUMMARY 


1. Flavin enzymes in general promote reduction of inorganic ferric iron, 
even though some of these enzymes do not catalyze the reduction of cyto- 
chrome c. 

2. Flavin appears to be essential as an electron donor in the enzymatic 
reduction of iron. It has also been found that free reduced flavin adenine 
dinucleotide can reduce iron non-enzymatically. 

3. The reduction of inorganic iron and cytochrome c by xanthine oxidase 
appears to require free or enzyme-bound H,Os., as lack of O, and relatively 
high concentrations of catalase inhibit this reduction. The reduction of 
iron and cytochrome c by xanthine oxidase appears to proceed through 
mechanisms different from those of other flavoproteins. 
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FURTHER STUDIES OF THE METABOLISM OF 
TAURINE-S*® BY THE RAT* 
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(From the Department of Nutrition, Harvard School of Public Health, 
Boston, Massachusetts) 


(Received for publication, September 7, 1955) 


In a recent study (1) of the metabolism of taurine-S* and taurocho- 
late-S** in the rat, a significant tissue retention of labeled sulfur was ob- 
served 24 hours after the administration of taurine-S*. This tissue re- 
tention was increased and the urinary excretion decreased by preparatory 
feeding of a diet low in organic sulfur. Machlin et al. (2) have observed 
that 65 per cent of injected sulfate-S** was incorporated into the tissues of 
1 day-old chicks as taurine sulfur. Lowe and Roberts (3) have described 
the incorporation of sulfate sulfur into the tissue of chick embryos, and 
this was largely accounted for in the free taurine of tissue. These obser- 
vations are not entirely consistent with the classical description of taurine 
as a biologically inactive end-product of cystine metabolism (4). 

The present study was undertaken as a part of continued interest in the 
mechanisms involved in the hypercholesterolemia associated with the feed- 
ing of diets high in cholesterol and low in organic sulfur (5, 6). The origi- 
nal findings of the effect of diet on the excretion of trace doses of taurine-S* 
have been expanded and the chemical pathways of S* fixed in the tissue 
clarified. 

In this study, it was observed in normal rats that the levels of intake of 
taurine influenced the urinary excretion of injected taurine-S**. The feed- 
ing of diets low in protein resulted in reduced urinary excretion of taurine- 
§**, while the addition of cystine or cysteic acid resulted in an increased 
excretion of S**. The feeding of cholesterol or the injection of bromoben- 
zene was shown to decrease the urinary excretion of taurine-S*®*. The S** 
in the tissue of the animals was shown to be largely absent from the mate- 
rial precipitable with trichloroacetic acid and to be completely absent from 
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of this research. 

Present address, Framingham Heart Study, United States Public Health Service, 
Framingham, Massachusetts. 


105 














106 METABOLISM OF TAURINE-S*® 
the cystine isolated from protein hydrolysates. Almost all of the S* in 
the protein-free extracts of tissue was shown by column chromatography 
to exist as taurine-S®. 


EXPERIMENTAL 


The animals used were male albino rats. In one series of experiments 
young adult rats weighing about 250 gm. were used, while in another series 
weanling rats weighing about 50 gm. were utilized. The rats were offered 
food and water ad libitum throughout the 1 month duration of the experi- 
ment. 

Taurine-S* was synthesized and characterized as previously described 
(1). The recrystallized product had a specific activity of approximately 
3 we. per mg. The radiotaurine was administered intraperitoneally. 

The total urinary organic S** was assayed in the manner previously de- 
scribed (1), and the results were expressed as the per cent of the total dose 
administered. The tissues were assayed for S* content as follows: The 
fresh tissues were weighed and minced in a mortar. Aliquots of the mince 
were taken for determinations of dry weight. The remainder of the tissue 
was ground with equal weights of dried sodium chloride and placed in a 
65° oven overnight. Aliquots of this dry tissue powder were burned by 
the sodium peroxide fusion technique in a Parr bomb. Total tissue S* 
was determined by precipitation of BaSO, from an acid solution of the 
combustion residue by addition of 10 per cent BaCl, solution. The method 
of radioassay of BaS**O, has been described (1). 

Other portions of the dry tissue powder were extracted repeatedly with 
5 per cent trichloroacetic acid. The procedure was carried out in centri- 
fuge tubes, and the supernatant fluid was removed by decantation after 
centrifugation. The moist protein residue was then washed and dried 
with five successive portions of acetone. The dry protein residue was as- 
sayed for total S** by the method described for powdered tissue. 

The cystine-S* content of acid hydrolysates of liver, muscle, and hair 
was determined by precipitation of cystine as the cuprous mercaptide with 
a modification of the method of Rossouw and Wilken-Jorden (7). The 
precipitates were washed with ethanol and assayed directly in steel plan- 
chets. 

Taurine-S®* in protein-free tissue extracts was isolated with a Dowex 50 
column, as described by Tallan, Moore, and Stein (8). 


RESULTS AND DISCUSSION 


Effect of Dose Level on Urinary Excretion of Taurine-S**\—Sixteen adult 
rats which had been fed a synthetic diet which included 20 per cent casein 
and 0.3 per cent cystine for a period of 30 days were injected intraperitone- 
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ally with varying levels of taurine, including a trace dose of taurine-S*. 
The rats were placed in metabolism cages after the injection, and urine 
was collected for 24 hours. As indicated in Table I, there was an increase 
in the percentage of labeled sulfur excreted with an increase in the total 
dosage of taurine given. Only 29.1 per cent of the labeled sulfur was ex- 
creted in 24 hours when 4.8 mg. of taurine per kilo of body weight were 
given, whereas 69.0 per cent was found in the 24 hour urine collection after 
a dosage of 60 mg. was administered. This observation appeared to ex- 
plain the findings of Schmidt et al. (4) that taurine is almost quantitatively 
excreted in the urine in 24 hours, since a high proportion of the taurine 
would be excreted with the large dosages necessary in non-tracer experi- 
ments. These findings indicated either that there was a definite renal 


TABLE I 
Effect of Administered Levels of Taurine on Per Cent Urinary Excretion in 24 Hours 
of Taurine-S** Administered Intraperitoneally to Rat 














Taurine given* No. of animals Urinary excretion in 24 hrs. 
mg. per kg. body a | per cent S** injected 
4.8 5 29.1 (22.8-31.9) 
9.0 3 34.2 (30.1-36.3) 
20.0 3 41.3 (33.6-47.6) 
40.0 3 57.6 (51.3-65.5) 
60.0 2 69.0 (67.8-70.2) 





* All the animals were given taurine-S** at 4.8 mg. per kilo of body weight. Vary- 
ing levels of non-radioactive taurine were added for the different dose groups. 


threshold for taurine or that there was a limited pool size of taurine or its 
metabolic products in tissues. 

Effect of Preparatory Diet on Urinary Excretion of Taurine—Seven 
groups of rats consisting of five animals each were treated as indicated in 
Table II for periods of 30 days. The rats were injected intraperitoneally 
with dosages of 4.8 mg. of taurine-S* per kilo of body weight at the end 
of this period, and urine was collected for 24 hours. The rats of Group 
A, which were fed a diet consisting of 20.0 per cent casein and 0.3 per cent 
cystine, excreted 29.1 per cent of the total dose compared to only 3.4 per 
cent of the total dose excreted by rats in Group B, fed a diet including 8 
per cent casein (¢ = 12.2, p < 0.01). These findings were interpreted 
either as a greater diversion of taurine to the synthesis of other organic 
compounds or as a greater use of taurine, per se, by the rats of Group B 
which had been fed a diet poorer in taurine precursors. 

The animals of Group C were fed a diet identical to that of Group B 
for 30 days. They were, however, given daily dosages of cysteic acid (50 
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mg.) intraperitoneally during the 3 days prior to administration of taurine- 
S**. The urinary excretion of labeled sulfur was strikingly increased above 
that of the rats of Group B (mean = 10.8 per cent; ¢ = 6.7, p < 0.01). 
Schmidt and Clark (9) found that nearly all of the taurine or cysteic acid 
administered to the dog was accounted for in the organic sulfur component 
of the urine, whereas some administered cysteine sulfur was excreted as 
inorganic sulfate. We have found, using taurine-S* (1), that the rat ex- 


TaBLeE II 
Effect of Diet on Per Cent Urinary Excretion of S** in 24 Hours after 
Intraperitoneal Administration of Taurine-S** 
ach rat received, per kilo of body weight, 4.8 mg. of the compound, which con- 
tained 3 ue. of S** per mg. 








(s Se Dietary protein content a een Urinary excretion of S% 
per cent per cent per cent 

A 20.0 casein 

0.3 cystine 0.0 29.1 + 2.1* 
B 8.0 casein 0.0 3.4 + 0.2 
Cc 8.0 ‘* + eysteic acidt * 0.0 10.8 + 1.0 
D 20.0 ‘“* 

0.3 cystine 5.0 18.8 + 2.3 
iE 20.0 casein 

0.3 cystine + bromobenzenet 0.0 18.3 + 3.4 
F 12.0 casein 

0.3 cystine 0.0 14.5 + 1.6 
G 12.0 casein 0.0 2.8 + 0.2 














* The figures are the means with standard errors of the mean. 
+ These animals were injected intraperitoneally with 50 mg. of cysteic acid per 
day for the 3 days prior to administration of taurine-S**. 
t These animals were injected intraperitoneally with broniobenzene at the rate of 
400 mg. per kilo of body weight per day for 3 days prior to receiving the test dose 
of taurine-S*5, 


cretes taurine almost entirely as organic sulfur. Virtue and Doster-Virtue 
(10) have shown that the dog, depleted of taurine by cholic acid feeding, 
responds with increased bile acid excretion when either taurine or cysteic 
acid is supplied. These findings support the view-point that cysteic acid 
is an intermediate in the oxidative conversion of cystine to taurine. This 
pathway is likely the only one for cysteic acid in the mammal. It seemed, 
therefore, that the injection of cysteic acid into the rats of Group C had 
reduced their need for extrinsic taurine. 

Another group of rats (Group D) was fed a diet which differed from that 
of Group A by the addition of 5 per cent cholesterol. The proportion of 
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S** excreted in the urine in 24 hours was decreased to an average of 18.8 
per cent, a significant reduction from that of the rats of Group A (¢ = 3.34, 
p = 0.01 to 0.02). This reduction may be interpreted as an increased 
demand for taurine to conjugate with bile acids, since it has been shown 
(11) that rats fed cholesterol at a 5 per cent level had a greater 24 hour 
biliary excretion of bile acids. 

The rats of Group E were fed the 20 per cent casein with 0.3 per cent 
cystine diet of Group A. However, for 3 days prior to injection of the 
test dose of taurine-S**, the rats were injected intraperitoneally with 
bromobenzene at 400 mg. per kilo of body weight per day. The rats of 
Group E excreted 18.3 per cent of the test dose of taurine in 24 hours com- 
pared to 29.1 per cent for the Group A controls (¢ = 2.7, p = 0.03). White 
and Jackson (12) have demonstrated that an apparent deficiency in organic 
sulfur can be precipitated by treatment of rats with bromobenzene as a 
result of cysteine diversion to mercapturic acid synthesis. Koch-Weser 
et al. (13) have suggested that the condition produced in the bromobenzene- 
treated rats is an example of a chemically conditioned amino acid defi- 
ciency. This observation of the lower excretion of the test dose of taurine- 
S** by the rats of Group E was interpreted as resulting from a deficiency of 
cystine which would have otherwise been available for taurine synthesis. 

The rats of Groups F and G were received as weanlings (thus in a more 
pronounced anabolic phase) and were fed diets containing 12 per cent 
casein. The animals of Group F were supplemented with 0.3 per cent 
cystine. The animals of Group F excreted 14.5 per cent of the injected 
dose compared to 2.8 per cent for the Group G rats (t = 6.9, p < 0.01). 
This difference indicates that cystine supplied to the Group F animals, 
which received marginal levels of protein for growth, was nevertheless 
utilized in the synthesis of taurine, thus reducing the body utilization of 
supplied taurine. 

Tissue Fixation of Taurine-S**—Table III presents the findings with 
respect to tissue levels of S** at 24 hours after intraperitoneal administra- 
tion of taurine-S**. The highest specific activities of tissue S** were found 
in the animals fed diets low in organic sulfur. The studies of liver and 
muscle revealed that a small percentage of the tissue activity was present 
in the protein, but there was no indication that the protein from rats fed 
diets low in organic sulfur had a proportionally higher content of the S**. 
Furthermore, there was no measurable activity in the cystine isolated from 
the protein hydrolysates. Thus it appeared that the S* retention is 
largely in the form of taurine or some metabolic product of taurine, but 
one which is not a component of protein. 

Two rats on Group B diet were injected intraperitoneally with 15 mg. 
of taurine-S** (3 we. per mg.) per kilo of body weight. The rats were 








110 METABOLISM OF TAURINE-S* 


sacrificed after 24 hours and the kidney and liver tissue puoled. A protein- 
free extract was prepared and concentrated for column chromatography 
as described by Tallan, Moore, and Stein (8). It was established with 


TaBLeE III 
Distribution of S** in Liver and Muscle 24 Hours after Intraperitoneal 
Administration of Taurine-S** 
Each animal was given 4.8 mg. of the compound (14.4 ue. of S*5) per kilo of body 
weight. The values are given as counts per minute per 100 mg. of BaSO,. 





Trichloroacetic acid- 








Group* Tissue Total sulfur taatbilie euler 
A Liver 3590 385 
Muscle 4080 311 
B Liver 6740 785 
Muscle 7250 | 510 
F (weanling) Liver | 3740 | 194 
Muscle 8120 210 
G (weanling) Liver 5410 | 180 
228 


| Muscle | 8590 





* For dietary treatment, see Table II and the text. 


TABLE IV 
Distribution of Radioactivity in Fractions from Dowex 60 Columns (8) after Addition 
of Protein-Free Extracts of Kidneys and Livers Removed from Rats 24 Hours 
after Intraperitoneal Injection of Taurine-S** 





Activity in fractions 














Fraction 
Kidney iver 
chromatograph chromatograph 
c.p.m. c.p.m. 
I ha ce, 219 oo Wa is BY, 3 6820 | «(5450 
rr IID, oon ccs cere tisenewescens 0 | 0 
75-105 ml. of eluate.......................0.005- 4500 5210 
105-200 ml. of eluate*.....................0...... 0 | 0 





Each rat received 15 mg. (45 we. of S*5) of the taurine per kilo of body weight. 
The 75 to 105 ml. fraction has been shown to include only taurine of the common 
sulfur-containing ninhydrin-reacting materials. 

* For this fraction 1.0 n NaOH was used and presumably eluted all amino acids 
with pK values less than that of taurine. 


chromatography of pure compounds that taurine is eluted in the 85 to 100 
ml. fraction (Table IV). The first 75 ml. of eluate in the kidney and liver 
chromatographs were collected in graduate cylinder No. 1 and the frac- 
tions 75 to 105 ml. in graduate cylinder No. 2. At that point 1.0 n NaOH 
was added to the column for the elution of the remainder of the amino 
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acids, and the fraction 105 to 200 ml. was collected in graduate cylinder 
No.3. This last cylinder would be expected to contain all the amino acids 
with pK values less than that of taurine. A large part of the radioactivity 
applied to the column for the kidney chromatograph was accounted for in 
cylinder No. 2. No measurable radioactivity was observed in cylinders 
No. 1 or No. 3. Essentially all of the radioactivity applied to the column 
for the liver chromatograph was recovered in cylinder No. 2. Tallan e¢ al. 
(8) found that a minor part of kidney taurine was bound to small non- 
protein moieties. The difference between the total activity added to the 
Dowex 50 column and that recovered in the eluate in the kidney chromato- 
graph may be accounted for as bound taurine. 


SUMMARY 


Taurine-S* was used in several experiments to study its metabolism in 
rats. The following facts were established. 

1. The urinary excretion of taurine is dependent upon dose size. When 
4.8 mg. of taurine per kilo of body weight were administered, 29.1 per cent 
was excreted in 24 hours. When 60 mg. per kilo of body weight were 
given, 69.0 per cent of the dose was excreted. Intermediate dosages re- 
sulted in intermediate percentages of the dose excreted. 

2. The urinary excretion of administered taurine was strikingly influ- 
enced by preliminary diet. Animals fed diets low in protein excreted less 
labeled organic sulfur in the urine. The feeding of cystine or the injection 
of cysteic acid resulted in a greater excretion of taurine-S*. The feeding 
of cholesterol or the injection of bromobenzene resulted in a lesser excretion 
of radiosulfur. 

3. Preliminary diet influenced the levels of S** in tissues 24 hours after 
the administration of taurine-S**. Rats fed diets low in protein incorpo- 
rated more §**. There was very little activity in the portion of rat tissue 
precipitable by trichloroacetic acid, and no activity in cystine isolated 
from acid hydrolysates. 

4. The radioactivity in protein-free extracts of kidney and of liver from 
rats 24 hours after injection with taurine-S* was largely accounted for as 
taurine. 
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THE BIOSYNTHESIS OF HISTIDINE: IMIDAZOLEACETOL 
PHOSPHATE TRANSAMINASE 


By BRUCE N. AMES anp B. L. HORECKER 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service, 
Bethesda, Maryland) 


(Received for publication, October 10, 1955) 


Genetic and biochemical studies on Neurospora crassa (1-4) and Escher- 
ichia coli (5-7) have suggested the following pathway of histidine bio- 
synthesis: 


p-erythro-Imidazoleglycerol phosphate — imidazoleacetol phosphate — 
L-histidinol phosphate — t-histidinol — t-histidinal — t-histidine 


The three phosphate esters are accumulated by various histidine-requir- 
ing mutants of the mold Neurospora (3). A preliminary report on their 
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enzymatic interconversion has appeared, as well as a summary of the work 
on histidine biosynthesis (4). 
This report is concerned with the purification and properties of an en- 
zyme from Neurospora which catalyzes the reaction 
Imidazoleacetol phosphate + L-glutamate = L-histidinol phosphate + 
a-ketoglutarate 


This enzyme will be called imidazoleacetol phosphate transaminase. Pyr- 
idoxal phosphate is required for its activity. 
113 











IMIDAZOLEACETOL PHOSPHATE TRANSAMINASE 


Materials 


L-Histidinol phosphate (3) was prepared from t-histidinol and poly- 
phosphoric acid by the method used by Cherbuliez and Weniger for the 
synthesis of ethanolamine phosphate ester (8). L-Histidinol dihydrochlo- 
ride! (10 gm.) and tetraphosphoric acid (Monsanto) (35 gm.) were mixed 
in an ice bath and 4 ml. of water were added slowly to effect solution. The 
mixture was heated on a steam bath for 1 hour. The isolation procedure 
was the same as that for ethanolamine phosphate. An excess of barium 
hydroxide was used to remove the inorganic phosphate. In order to re- 
move the excess barium, sulfuric acid was added until the pH reached 4.5, 
4 volumes of alcohol were added to this final supernatant solution to pre- 
cipitate the phosphate ester. In the ethanolamine phosphate preparation, 
the inner salt crystallizes out. The histidinol phosphate, however, came 
out of solution as a highly viscous syrup. Although this alcohol precipita- 
tion was repeated four times, no crystallization took place, and the product, 
therefore, was further purified by gradient elution from a 2 X 34 cm. 
column of Dowex 1 (X8) acetate (100 to 200 mesh). The mixing chamber 
contained 1 liter of water and the reservoir 0.2 N acetic acid. A 500 mg. 
batch of histidinol phosphate started to come off the column after 108 ml. 
of eluate had been collected. The fractions containing histidinol phos- 
phate, as determined by paper chromatography, were lyophilized to give 
a stable white powder of L-histidinol phosphate ester monohydrate, 


CsH;,0.N;P-H:0. Calculated. C 30.13, H 5.90, N 17.57, P 12.95, HO 7.53 
Found.? “ 30.15, “ 5.81, “ 17.35, 13.01, “ 7.02 


IAP was prepared enzymatically from synthetic t-histidinol phosphate. 
Values of the molarity of the standard IAP solutions were based on their 
absorption at 282 my in alkaline solution. The extinction coefficient at 
282 my was in turn based on the absorption obtained following hydrolysis 
to imidazoleacetol, the alkaline spectrum of which was determined from a 
crystalline preparation. The enzymatic preparation of the IAP and its 
absorption spectrum in alkali are given in a later section. 

a-Ketoglutaric acid was purchased from the California Foundation for 
Biochemical Research. a-Ketoadipic acid, “ketoarginine” (a-keto-6-guani- 
dino valeric acid), L-a-aminoadipic acid, and p-glutamic acid (free of the 
L isomer) were generously supplied by Dr. Alton Meister of the National 
Cancer Institute. u-Glutamine, free of glutamic acid, was a gift of Dr. 
L. Levintow. 

Crystalline pyridoxal phosphate was obtained from Dr. Peterson and 
Dr. Sober (10). A molar extinction coefficient of 4900 at 388 my at pH 


1 Generously furnished by Dr. E. Adams (9). 
2 Microanalyses were done und er the direction of Dr. W. C. Alford of this Institute. 
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7.0 was used as the basis of all quantitative work with pyridoxal phosphate 
(10). On this basis the molar extinction coefficient for pyridoxal phos- 
phate at 388 my at pH 8.1, in 0.1 m pyrophosphate buffer, was determined 
as 5390. A pyridoxal phosphate-pyrophosphate buffer solution was kept 
in a brown bottle in the refrigerator and its extinction at 388 my was 
checked periodically. w-Methylpyridoxal phosphate (11) was a gift from 
Dr. E. E. Snell of The University of Texas. Quantitative work with this 
compound was based on the assumption that its molar extinction coefficient 
at 388 my is the same as that of pyridoxal phosphate at pH 7.0. 


EXPERIMENTAL 
Preparation of IAP Transaminase 


Enzyme Assay—The activity of the transaminase was determined by 
measuring the amount of IAP formed from histidinol phosphate and 
a-ketoglutarate. The IAP was determined by hydrolysis to imidazole- 
acetol which was measured at 370 my in alkaline solution (3). A unit of 
enzyme was defined as that amount of enzyme which will form 0.1 umole 
of IAP in 10 minutes under the conditions specified below. 

The enzyme assay tube contained 0.15 ml. of 0.1 m sodium pyrophos- ~ 
phate-HCl buffer (pH 8.1) which was 4 X 10-* m with respect to pyridoxal 
phosphate. At zero time 0.04 ml. of the enzyme solution (diluted in pH 
8.1, 0.1 m pyrophosphate buffer) was added and allowed to preincubate for 
5 minutes at 37°. The reaction was started by the addition of 0.04 ml. 
of the pyrophosphate buffer solution containing 0.56 umole of L-histidinol 
phosphate and 2.0 umoles of a-ketoglutarate. After 10 minutes at 37° the 
reaction was stopped with 0.15 ml. of concentrated HCl (12 nN). The test- 
tube was capped with a marble and placed in a boiling water bath for 30 
minutes to hydrolyze the enzymatically formed IAP to imidazoleacetol. 
To the cooled tube were added 3.0 ml. of 3.0 N sodium hydroxide. The 
solution was transferred to a 3 ml. cuvette and readings were taken every 
30 seconds at 370 my in a Beckman DU spectrophotometer until a maximal 
reading was obtained (about 4 minutes). A blank was used in which the 
enzyme solution was added after the HCl addition. Under these condi- 
tions 0.1 umole of IAP is equivalent to an optical density of 0.242 at 370 
my. 

The proportionality of reaction rate to enzyme concentration is shown in 
Fig. 1. 

Acetone Powder—Three carboys, each containing 15 liters of Fries mini- 
mal medium (12) supplemented with 450 mg. of t-histidine-HCl-H,0O, 
were inoculated with conidia of the Neurospora histidine-requiring mutant 
C141-T1710 and grown under forced aeration at room temperature. After 
3 to 4 days growth the mycelium was collected on cheese-cloth, washed with 
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distilled water, squeezed dry, and frozen in dry ice. About 160 gm. per 
carboy were obtained, although the yield varied considerably. 

The frozen mycelium was broken up with a hammer and extracted with 
4 volumes of acetone at —20° in a Waring blendor for 5 minutes. The 
mixture was filtered on a Biichner funnel and the pad was reextracted in 
the blendor with the same amount of acetone. After filtration the pad was 
put through an aluminum window screen and allowed to dry in air at room 
temperature for several hours. The powder was dried overnight in a 
desiccator containing anhydrous calcium sulfate and stored in a tightly 
closed brown bottle at —20°. This powder has not lost any activity over 
a period of a year. 

Acetone Powder Extract—All operations for this and the following steps 
in the purification were performed at 0°. 
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Fic. 1. The relation of the reaction rate to the concentration of purified enzyme. 
The conditions are described in the text. 


The acetone powder (24 gm.) was ground in a mortar and pestle with 
the slow addition of 640 ml. of 0.1 mM potassium phosphate buffer (pH 7.6) 
which contained sodium ethylenediaminetetraacetate (10° m). This ex- 
tract was centrifuged for 15 minutes in a Servall SS-1 centrifuge. The 
precipitate was discarded. 

Ammonium Sulfate I—Cold saturated (6°) ammonium sulfate solution 
(840 ml.) was added slowly with stirring to 560 ml. of extract and the pre- 
cipitate was allowed to stand for 2 hours. The precipitate was removed 
by centrifugation. Saturated ammonium sulfate solution (500 ml.) was 
then added to 1350 ml. of the supernatant solution, and after 10 minutes 
the precipitate was collected by centrifugation. This precipitate was dis- 
solved in distilled water to give 17.3 ml. of Ammonium Sulfate I (Table I). 
The preparation may be frozen and stored overnight at this stage. 

Calcium Phosphate Gel—The Ammonium Sulfate I fraction was diluted 
to 50 ml. with water; the pH of the diluted solution was 6.8. 30 ml. of 
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aged calcium phosphate gel (17.9 mg. per ml.) (14) were added to this 
solution. After 10 minutes the solution was centrifuged and the gel, 
which contained approximately 10 per cent of the activity, was discarded. 
To the supernatant solution (78 ml.) were added 100 ml. of gel. After 
10 minutes the gel was centrifuged and eluted with two 17.5 ml. portions 
of 0.01 m pyrophosphate buffer at pH 9.0. The eluates were combined and 
the precipitate was discarded. In assaying the gel eluate 0.01 ml. of 0.1 
m ethylenediaminetetraacetate was added to the assay tube as traces of 
Ca*+ inhibit the enzyme. With each batch of gel small scale pilot runs 
were made to determine the quantities of gel required to give 10 per cent 
and complete absorption. 

Ammonium Sulfate II—The gel eluate (37 ml.) was treated with 59.4 
ml. of saturated ammonium sulfate solution and after 20 minutes the solu- 


TABLE I 
Summary of Enzyme Purification Data 


The procedure is described in the text. Protein was determined by the procedure 
of Warburg and Christian (13). 











Ultraviolet absorption 
Fraction Volume tke 280 mp Enzyme 
* 260 mp 
ml. units units per mg. 
I i ceagibs 560 0.63 17,950 3.4 
Ammonium Sulfate I....... 17.3 0.82 10, 860 17.9 
Calcium phosphate gel. ... 37.0 1.21 6,340 36.0 
Ammonium Sulfate II...... 2.7 1.58 4,100 60.3 














tion was centrifuged. The precipitate (42 mg.) was dissolved to give a 
fraction containing 1400 units of approximately the same specific activity 
as after the gel step. This material was not purified further. The super- 
natant solution was treated with 27.2 ml. of saturated ammonium sulfate. 
After 10 minutes the precipitate was collected by centrifugation and dis- 
solved in a small amount of 0.1 m potassium phosphate buffer (pH 7.6) 
which contained ethylenediaminetetraacetate (10-* m). The final solu- 
tion was pale yellow in color (Ammonium Sulfate II, 2.7 ml.). This puri- 
fied enzyme did not lose activity when kept frozen at —20° for several 
months. 


A summary of the purification data is given in Table I. 


Activity of Various Strains 


The quantity of IAP transaminase extracted from the mycelium varied 
greatly with the strain of Neurospora; mutants which accumulated the two 
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phosphate esters were much richer in enzymatic activity. The mutants 
were grown under identical conditions, and acetone powder extracts were 
prepared as described for mutant C141-T1710. These were compared as 
to their activity per mg. of protein by the protein method of Biicher (15). 
Mutant C84, which is blocked before IAP, has the same specific activity 
as wild type. Mutant C141, which is blocked after histidinol phosphate 
and accumulates all three phosphate esters, has a specific activity 5 times 
that of wild type but it grows very poorly and it is difficult to obtain good 
yields of mycelium. A double mutant C141-T1710 (1), which was de- 
rived from a cross between mutants C141 and T1710 (a mutant which is 
blocked after histidinol phosphate and accumulates histidinol), has been 
used as a source of enzyme in this work. Mutant C141-T1710 behaves 
like mutant C141, accumulating large amounts of these phosphate esters, 
and in addition gives good growth and is a much more vigorous strain. 
It has a specific activity between 9 and 10 times that of wild type. The 
wild type enzyme has been purified through the first ammonium sulfate 
stage. The same relative purification is obtained and the enzyme pre- 
cipitates at the same ammonium sulfate molarity. Enzyme from mutant 
C141 has been purified 16-fold and its behavior is indistinguishable from 
that of mutant C141-T1710. 


Properties of Enzyme and Reaction 


Pyridoxal Phosphate Activation—The assay system used in following the 
purification of the enzyme contained an excess of pyridoxal phosphate. 
When the purified enzyme was tested without pyridoxal phosphate, it was 
found to have less than 10 per cent of the activity observed in the presence 
of excess cofactor. The effect of the pyridoxal phosphate concentration on 
the activity of the purified enzyme is shown in Fig. 2, A. The same data 
have been plotted according to Lineweaver and Burk (16) in Fig. 2, B. 
The concentration of pyridoxal phosphate required to give half maximal 
activation of the enzyme has been determined as 1.2 KX 10-6 Mm. A 5 
minute preincubation period of pyridoxal phosphate with the enzyme was 
sufficient to give maximal activation. 

w-Methylpyridoxal Phosphate—This pyridoxal phosphate analogue has 
been reported to be active for several transaminases (17, 18). It is active 
in this system in replacing pyridoxal phosphate. Half maximal activity 
was obtained at a concentration of approximately 4 xX 10-® m for the 
analogue. 

Specificity—Neither ut-histidinol nor imidazoleacetol will replace its 
respective phosphate ester in the transamination. In addition to L-histidi- 
nol phosphate, Lt-glutamate, and their keto analogues the enzyme prepara- 
tion shows activity for aminoadipic acid (a higher homologue of gluta- 
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mate), and for arginine and histidine, which are structurally related to his- 
tidinol phosphate. Table II shows the relative activity of various amino 
acids in converting imidazoleacetol phosphate to histidinol phosphate. In 
a similar experiment to compare the activity of keto acids in transaminat- 
ing histidinol phosphate to imidazoleacetol phosphate, keto acid (3.0 
umoles), histidinol phosphate (3.0 umoles), pyridoxal phosphate (0.007 
umole), and enzyme (1.7 units) were incubated for 10 minutes at 37° in 
0.23 ml. of 0.08 m pyrophosphate buffer (pH 8.1). a-Ketoglutarate formed 
0.159 umole of IAP, a-ketoadipate formed 0.112 wmole (70 per cent), and 
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Fig. 2. A, the relation of the pyridoxal phosphate concentration to the reaction 
rate. Each tube contained 0.15 ml. of pyridoxal phosphate-pyrophosphate buffer 
solution. 0.04 ml. of enzyme was added and allowed to preincubate for 10 minutes. 
To start the reaction 0.05 ml. of histidinol phosphate-a-ketoglutarate solution was 
added. The reaction was allowed to run for 11 minutes at 37°. The initial concen- 
tration of histidinol phosphate and of a-ketoglutarate was 2.2 X 10-*m. The tubes 
were assayed for IAP as is described under the enzyme assay section. B, a reciprocal 
plot of the data from the experiment shown in A. The molar concentration of pyri- 
doxal phosphate which gives half maximal enzyme activity has been determined 
from this plot. 


a-keto-6-guanidinovalerate formed 0.056 umole (35 per cent) while oxal- 
acetate and pyruvate were inactive. 

The purified transaminase was used to test for other transaminations 
within the group of active substrates. Table III gives a summary of these 
reactions. Experiments with L-aspartate and L-alanine performed under 
the same conditions described in Table ITI indicated some slight aspartate- 
glutamate, alanine-glutamate, and alanine-aminoadipate transaminase 
activity in the enzyme preparation. No aspartate-aminoadipate, aspar- 
tate-arginine, or alanine-arginine activity could be detected. 

Effect of Substrate Concentration—The effects on the reaction rate of 
varying concentrations of t-histidinol phosphate (Fig. 3, A) and a-keto- 
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TABLE II 


Relative Rate of Transamination of Imidazoleacetol Phosphate to Histidinol 
Phosphate by Various Amino Acids 








Compound Relative activity* Compound Relative activity* 
u-Glutamic acid 100 Ethanolamine phosphate 0 
L-a-Aminoadipic acid 41 L-Histidinol 0 
L-Arginine 33 Histamine 0 
L-Histidine 30 Urocanic Acid 0 
L-Aspartic acid 0 L-Tryptophan 3 
L-Glutamine 4 L-Lysine 1 
p-Glutamic acid 0 L-Phenylalanine 2 
p-Histidine 3 pu-Ornithinef 0 
L-Alanine 0 pu-Citrullinet 9 

















* The reaction mixture contained initially amino acid (3.0 umoles), imidazole- 
acetol phosphate (0.18 umole), pyridoxal phosphate (0.007 umole), and 1.2 units of 
enzyme (24 +) in 0.08 m sodium pyrophosphate buffer (pH 8.1) in a final volume of 
0.23 ml.; incubated for 15 minutes at 37°. IAP was determined as described in the 
text. The extent of IAP disappearance is expressed as per cent of the value obtained 
with glutamic acid (0.091 umole). In each case a control was used in which the 
enzyme was added at the end of the incubation. No disappearance of IAP in the 
presence of enzyme could be detected unless substrate was added. 

¢ Present at an initial level of 6.0 umoles. 








TaBLeE III 
Additional Transaminations Catalyzed by Purified Enzyme Preparation* 
Amino acid substrate a-Ketoglutarate a-Ketoadipate anne ——-—_r—_, 
pmoles glutamate pmoles aminoadipate pmoles arginine 
formed formed 

L-Glutamate................. 2.5 3.7 
L-a-Aminoadipate........... 2.6 0.9 
L-Arginine.................. 0.7 0.6 
L-Histidine.................. 0.6 0.4 0 














The reaction mixtures were chromatographed with a tert-butanol-formic acid- 
water solvent (75:15:15, respectively). Histidine and arginine do not separate in 
this solvent and a phenol solvent was used for that incubation mixture. Chromato- 
grams were sprayed with ninhydrin and the new amino acids formed, corresponding 
to the keto acid substrates, were estimated by using a photoelectric densitometer. 
In order to detect the a-keto acid which is also formed in each transamination dupli- 
cate chromatograms were sprayed with o-phenylenediamine (19). The keto acids 


formed were identified chromatographically, except for the histidine series (no 
imidazolepyruvic acid was available as a standard). 

* The incubation mixtures contained initially amino acid (5 umoles), keto acid 
(5 wmoles), pyridoxal phosphate (0.004 umole), and 3 units of enzyme (60 ) in 0.2 
ml. of 0.05 m pyrophosphate buffer (pH 8.1). 
minutes at 37°. 


The mixtures were incubated for 60 
A boiled enzyme control was run for each transamination. 


4MOLES !1AP FORMED 
IN 10 MINUTES 








44MOLES !AP FORMED 
IN 1lO MINUTES 


glut. 
plot 


co) ° 
 !} QD 


° 
Wy) 


a 


FY 
tion. 
the e 
56.4 | 
minu 


04 


ro) 
Ww 


° 
nm 


ro) 


_ 


Fi 
condi 
assay 
10-8 ; 


Kn \ 
uM (F 
Kc 


AAMOLES !AP FORMED 





B. N. AMES AND B. L. HORECKER 121 


glutarate (Fig. 4, A) were determined. The same results have been 
plotted according to Lineweaver and Burk (16) for the determination of 
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Fic. 4. A, the relation of the reaction rate toa-ketoglutarate concentration. The 
conditions and IAP determinations were similar to those described for the enzyme 
assay except that each solution was 18.2 X 10-* m in histidinol phosphate and 53.8 X 
10-* m in pyridoxal phosphate. B, the reciprocal plot of the data presented in A. 


K,, values. The K,, for t-histidinol phosphate was found to be 1.1 * 107° 
M (Fig. 3, B) and for a-ketoglutarate 1.2 X 10-* m (Fig. 4, B). 
Equilibrivum—An equilibrium constant for the reaction was calculated by 
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utilizing the following expression 


K= {histidinol phosphate] [a-ketoglutarate] 
- {IAP] [glutamate] 





IAP was determined in each case as described above and the other com- 
ponents were calculated from this value. Fig. 5 shows the equilibrium data 
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Fig. 5. Equilibrium of the reaction. In each case 60 units of purified enzyme 
were preincubated for 7 minutes at 37° with 120 uzmoles of pyrophosphate buffer (pH 
8.1) and 0.095 zmole of pyridoxal phosphate. In A, 0.600 umole of ketoglutarate and 
0.603 umole of histidinol phosphate were added to start the reaction, and at various 
intervals 0.15 ml. aliquots were removed from the total volume of 1.3 ml. At 121 
minutes more ketoglutarate and histidinol phosphate were added. In B, 2.4 umoles 
of glutamate and 0.776 umole of IAP were added to start the reaction. The total 
volume was 1.64 ml. and 0.15 ml. aliquots were again taken. At 81 minutes 0.04 ml. 
of buffer containing 0.310 umole of IAP was added and the mixture was allowed to 
reach equilibrium again. Each 0.15 ml. aliquot was pipetted into a tube containing 
0.1 ml. of concentrated HCl. The IAP was hydrolyzed to imidazoleacetol and this 
was determined by adding 3 ml. of 3 N NaOH, as has been described. An optical 
density of 0.257 is given by 0.1 umole of imidazoleacetol in 3.25 ml. of this NaOH-HCl 
mixture. 


starting from each direction. In Fig. 5, A, t-histidinol phosphate and 
a-ketoglutarate were the starting substrates. In the experiment shown in 
Fig. 5, B, IAP and t-glutamate were used. At the end of each experiment 
there was active enzyme present, as can be seen by the displacement of 
the equilibrium on the further addition of one of the substrates. The 
average value for the equilibrium constant at 37° and pH 8.1 was found to 
be 0.04. 

Stoichiometry—In an experiment in which 4.5 umoles of a-ketoglutarate 
and 1.4 units of enzyme were incubated with 0.09 umole of L-histidinol 
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phosphate, essentially complete conversion to IAP (0.10 umole) was ob- 
tained. No imidazoleacetol could be detected before acid hydrolysis, 
indicating the absence of phosphatase activity. In another experiment 
done on a preparative scale 94 per cent of the theoretical yield was obtained 
in the conversion of histidinol phosphate to IAP. This latter experiment 
is reported in detail in a separate section. 

pH Optimum—The effect of the pH on the rate of IAP formation is 
demonstrated in Fig. 6. The pH optimum is at 8.1 in pyrophosphate buf- 
fer. Similar results were obtained with diethanolamine and triethanol- 
amine buffers, except that the pH optimum is at 8.35 in diethanolamine 
and at 8.5 in triethanolamine. Tris(hydroxymethyl)aminomethane buf- 
fer markedly inhibits the reaction. 

Inhibitors—Ethylenediaminetetraacetate (0.01 m) did not inhibit the re- 
action. Hydroxylamine, semicarbazide, Cot*+, and Cut, at a level of 
0.004 M, all inhibited the reaction about 80 per cent. These substances 
would be expected to react with pyridoxal phosphate or one or another of 
the substrates. Iodoacetate at 0.004 m produced greater than 95 per cent 
inhibition. This suggests that the transaminase is a sulfhydryl enzyme. 
At a concentration of 0.004 m, sodium arsenite, magnesium chloride, and 
ethanolamine phosphate were without effect. 


Enzymatic Preparation of IAP 


Incubation Mixture—The enzyme is sufficiently pure for preparative 
purposes following the first ammonium sulfate step which removes inter- 
fering phosphatases. For this purpose the Ammonium Sulfate I fraction 
was taken up in pyrophosphate buffer at pH 8.1 rather than water. A 
mixture of 2 umoles of pyridoxal phosphate in 0.1 ml. of water and 668 
units of enzyme (specific activity 18.5) in 1.5 ml. of pyrophosphate buffer 
was preincubated for 30 minutes at room temperature. Then a solution 
of 2320 umoles of a-ketoglutarate and 402 umoles of L-histidinol phosphate 
in water (adjusted to pH 8.1) was added. The final volume was 14.5 ml. 
After 7 hours at 37° the reaction mixture was transferred to a centrifuge 
tube and heated in a boiling water bath for 2 minutes. The protein which 
precipitated was removed by centrifugation, washed with several ml. of 
water, and discarded. The combined supernatant solution and washings 
contained 376 uwmoles of IAP (93 per cent conversion) .’ 

Isolation of IAP—The deproteinized incubation mixture was placed on 
a Dowex 1 (10 per cent cross-linkage, 100 to 200 mesh) acetate column 
which was 2 cm. in diameter and 36 cm. high. Gradient elution (20) with 
acetic acid was used for recovering the IAP with 1 liter of water in the 


3 This represents 94 per cent of the theoretical yield when the equilibrium is taken 
into account. 
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mixing vessel and 0.5 N acetic acid in the reservoir. The elution was 
carried out at room temperature and a 10 ml. fraction was collected every 
18 minutes. These fractions were then refrigerated. The IAP started to 
come off the column after 290 ml. of eluate had been collected. Aliquots 
from the tubes were assayed qualitatively with diazo reagent in a spot plate 
(3) and quantitatively by measuring the alkaline absorption at 282 my 
of IAP (see the following section) and by measuring the alkaline absorption 
































oof * - , 4 
90; 7 T T T T T T T ia 
E | 
S$ 300+ 
t 80+ 5 
™ > 
4 ke 
q 70; 200+ 1 
2 3 
rs 60r 4 (a) 
“ 2.100} : 
a 4 U 
iy 507 - 
ti | 3 ie) L i at 1 | 
ot a ae a 240 280 320 360 400 
pH WAVELENGTH IN MILLIMICRONS 
Fia. 6 Fig. 7 


Fig. 6. The pH optimum of IAP transaminase. The pH values of duplicate incu- 
bation mixtures were measured with a Cambridge pH meter. Each mixture con- 
tained 6 X 107% umole of pyridoxal phosphate, 3.6 umoles of a-ketoglutarate, 0.4 
umole of L-histidinol phosphate, 11 y of enzyme, and 23 umoles of sodium pyrophos- 
phate buffer. The conditions used were the same as those described in the enzyme 
assay section. 

Fic. 7. The absorption spectrum of IAP. The spectrum in strong alkali (0), 
0.086 umole of IAP in 0.05 ml. of water plus 3.0 ml. of 3.0 N sodium hydroxide. The 
spectrum was measured 1 hour after the addition of alkali. The change of absorp- 
tion with time is discussed in the text. The spectrum of IAP at pH 8.1 (@), 0.086 
umole of IAP in 0.05 ml. of water plus 3.0 ml. of 0.1 Mm pyrophosphate buffer (pH 8.1). 
No change in spectrum with time was observed. 


of imidazoleacetol at 370 my after HCl hydrolysis. These assays were in 
good agreement. The fractions containing IAP were lyophilized and then 
taken up in water, and the chromatographic procedure was repeated. 
After lyophilization a white powder remained which was very hygroscopic. 
This was dried overnight in vacuo over P.Os. The material contained 13.30 
per cent phosphorus,’ which is 95 per cent of the theoretical value for IAP, 
and 1.04 umoles of phosphate‘ for each micromole of imidazoleacetol. This 
IAP preparation was dissolved in water and used as the IAP standard solu- 


‘ Total phosphorus was determined by ashing with magnesium nitrate and then . 


determining inorganic phosphate (21), 
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tion for all experiments. No free imidazoleacetol or inorganic phosphate 
was detected in the preparation. Only one spot was observed on paper 
chromatograms in a methanol-chloroform-formic acid solvent (3). This 
diazo spot reacted with a copper sulfate spray (3), which is characteristic 
for imidazoleacetol and IAP. 

Alkaline Absorption Spectrum—The spectrum of IAP in pyrophosphate 
buffer at pH 8.1 is presented in Fig. 7. Absorption below 230 my is 
characteristic of many compounds containing an imidazole ring. On addi- 
tion of sodium hydroxide to IAP the absorption spectrum changes mark- 
edly and the peak at 282 my appears (Fig. 7). This spectrum is compatible 
with an enol form of the compound, which would have a conjugated double 
bond system. Urocanic acid, which has such a conjugated system, has a 
similar absorption maximum (22). The spectral shift in alkali is rapid, 
though not instantaneous. In the experiment shown in Fig. 7, 90 per cent 
of the maximal absorption was reached 5 minutes after adding the alkali 
and continued to increase slowly for about 45 minutes. No further change 
occurred on standing overnight at room temperature. When IAP was 
determined by measurement of absorption at 282 my, readings were taken 
1 hour after adding the alkali. This method is simpler and more direct 
than the procedure involving hydrolysis of IAP to imidazoleacetol. IAP 
in 2.9 N sodium hydroxide has a molar extinction coefficient of 10,600. 
The more direct method has not been used in the enzymatic assays because 
a-ketoglutarate has a slight absorption at 282 my. a-Ketoglutarate does 
not interfere in the determination of imidazoleacetol at 370 mz. 


DISCUSSION 


The finding that imidazoleglycerol, imidazoleacetol, histidinol, and their 
respective phosphate esters accumulate during growth of various histidine 
mutants of Neurospora, combined with information on the order of these 
mutants in the biosynthesis scheme, implicated these compounds in the 
biosynthesis of histidine. However, the free alcohols were inactive in 
replacing the histidine requirement of any of the mutants. The phosphate 
esters were also inactive, but the testing was not definitive as Neurospora 
mycelium is impermeable to phosphate esters. The presence of IAP 
transaminase which interconverts two of these esters points to their meta- 
bolic importance and helps to characterize them further as histidine pre- 
cursors. Neither imidazoleacetol nor t-histidinol is acted upon by this 
enzyme. Unfortunately, none of the mutants of Neurospora studied is 
blocked between IAP and histidinol phosphate. A case of a mutant of 
that type, in which lack of the transaminase could be correlated with the 
histidine requirement, would furnish more direct proof of the réle of the 
enzyme in histidine biosynthesis. 

The transaminations catalyzed by the enzyme preparation, and in which 
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histidinol phosphate, glutamate, aminoadipate, arginine, histidine, and 
their keto analogues are reactants, are most simply explained by the activ- 
ity of one enzyme. Histidinol phosphate, histidine, and arginine are 
structurally related as are glutamate and aminoadipate. Highly purified 
transaminases very often have been reported to show activity toward 
structurally related substrates (23). A transaminase purified by Rudman 
and Meister (24) has an analogous type of specificity and will use as sub- 
strates glutamate, phenylalanine, tyrosine, tryptophan, and their keto 
analogues. In their work and in the present work it does not seem likely 
that there is a separate transaminase for each pair of substrates or that 
there is a coupling of various glutamate specific transaminases by a trace 
of glutamate. No contaminating glutamate or ketoglutarate could be de- 
tected in the reaction mixtures within the limits of the quantitative method 
for IAP or by paper chromatography. 

The a-ketoadipate-a-aminoadipate interconversions are of interest in 
that the transaminase may thus play a rdle in lysine biosynthesis. Lysine- 
requiring mutants of Ophiostoma will utilize as a lysine substitute either 
ketoadipate or aminoadipate (25). The latter has been shown to be a 
lysine precursor in Neurospora (26, 27). Crude, dialyzed Neurospora ex- 
tract has been shown to convert ketoadipate to aminoadipate in the pres- 
ence of alanine (28), though the réle of the alanine or the effect of other 
amino acids was not investigated. 

The 10-fold increase of the enzyme in a mutant which accumulates the 
phosphate esters, as compared to other mutants or wild type, is of interest 
in that some sort of regulatory mechanism seems to have been upset by the 
genetic block. However, as both the substrates and enzyme increase, it is 
not clear whether increased precursor causes an adaptive enzyme formation 
or whether the earlier enzymes in the pathway are higher causing precur- 
sors to accumulate. 

The transaminase requires pyridoxal phosphate as a cofactor. This is 
of interest in that Broquist and Snell (29) found that Lactobacillus arabino- 
sus would grow when supplied with either histidine or pyridoxal. This 
suggested a relationship between pyridoxal phosphate and histidine bio- 
synthesis in Lactobacillus. 

The enzyme differs from transaminases that have been described in that 
it converts an a-keto phosphate ester to an a-amino phosphate ester. The 
theory of the mechanism of action of pyridoxal phosphate transaminases 
proposed by Metzler, Ikawa, and Snell (30) is equally applicable if a 
phosphohydroxymethyl group is substituted for a carboxyl group in their 
transaminase models. The wide-spread metabolic occurrence of a-keto 
and a-amino phosphate esters raises the possibility that other such trans- 
aminases may exist. 
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SUMMARY 


1. An enzyme from Neurospora crassa, imidazoleacetol phosphate trans- 
aminase, has been purified about 18-fold and its properties described. This 
enzyme catalyzes the reversible formation of t-histidinol phosphate ester 
and a-ketoglutarate from imidazoleacetol phosphate ester and t-gluta- 
mate. L-a-Aminoadipate, L-arginine, and 1t-histidine show some activity 
in transaminating imidazoleacetol phosphate to histidinol phosphate. The 
enzyme preparation will also catalyze glutamate-aminoadipate, glutamate- 
arginine, glutamate-histidine, aminoadipate-arginine, and aminoadipate- 
histidine cross transaminations within this group of substrates. 

2. The purified enzyme requires pyridoxal phosphate as a cofactor. 
Half maximal enzyme activity is obtained at a pyridoxal phosphate con- 
centration of 1.4 X 10-* M. w-Methylpyridoxal phosphate, a synthetic 
pyridoxal phosphate analogue, will also activate the enzyme. 

3. The pH optimum in pyrophosphate buffer is 8.1. The equilibrium 
constant for the histidinol phosphate-glutamate transamination at 37° and 
pH 8.1 has been determined from both directions and is about 0.04. 

4. K,, values for t-histidinol phosphate and a-ketoglutarate have been 
determined as 1.1 X 10-* and 1.2 X 10°-°, respectively. 

5. Imidazoleacetol phosphate ester has been synthesized in good yield 
from synthetic histidinol phosphate ester by using a crude enzyme fraction. 
The absorption spectrum of imidazoleacetol phosphate ester in 3 N alkali 
is presented. 
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Reversal of the hydrolysis of phosphate monoesters in the direction of 
synthesis by greatly increasing the concentration of the products of hy- 
drolysis has been repeatedly demonstrated (1-3). Both acid and alkaline 
phosphatases of diverse origins have been employed as catalysts. In 
addition, however, to the simple reversal of the hydrolysis reaction, it has 
been shown by Axelrod (4) and by Meyerhof and Green (5, 6) that actual 
transphosphorylation can also occur with these enzymes. The substrates 
used, however, have generally been of a rather simple nature, 7.e. mono- 
or polyhydric alcohols with few other functional groups present. Evi- 
dence for the non-specificity of either hydrolysis or synthesis is provided 
by the vast number of phosphate monoesters which serve as substrates 
for these enzymes and by the finding of mixtures of isomeric phosphate 
esters with glycerol and various sugars (7, 5). 

The present investigation was undertaken to learn whether a more com- 
plicated substrate, such as a nucleoside, could likewise be phosphorylated. 
Prostatic phosphatase was employed as a catalyst because, among other 
considerations, prostatic tissue extracts have been reported to be nee 
of diesterase activity (8) and of deaminase activity (9, 10). 

While this work was in progress, Brawerman and Chargaff (11, 12) 
briefly reported the synthesis of one or more isomeric cytidylic acids, but 
these authors employed organic phosphate only as a source of phosphate 
in the presence of cytidine and phosphatases, derived either from malt 
diastase or from prostatic tissue. They discussed their findings in terms 
of transphosphorylation rather than direct synthesis from the liberated 
inorganic phosphate. 

The present findings confirm the non-specificity of synthetic action of 
prostatic phosphatase in that all three isomeric cytidylic acids were formed. 
This was achieved directly by synthesis from inorganic phosphate or in- 
directly during hydrolysis of ethyl phosphate or cytidine 3’-phosphate as 
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a source of phosphate. In addition, however, two isomeric dicytidine 
phosphates and at least two other, unidentified, cytosine-containing sub- 
stances were discovered among the reaction products. The failure to find 
any uridine derivatives confirms the lack of deaminase activity in the pros- 
tatic phosphatase. 


Materials 


Preparation of Highly Purified Cytidine, Cytidine 2’-Phosphate, and Cyti- 
dine 3’-Phosphate'—Cytidine was isolated after hydrolysis of cytidylic acid 
by filtered human semen by a modification of the procedure of Gulland 
and Smith (13). Cytidine 2’-phosphate and cytidine 3’-phosphate were 
prepared from yeast nucleic acid hydrolysates by the method of Loring 
et al. (14). In each case the relatively pure materials were subjected to a 
final purification by chromatography on Dowex 2 formate. The products 
were recrystallized to constant specific rotations and melting or decomposi- 
tion points. 

Preparation of Highly Purified Cytidine 5’-Phosphate—Cytidine 5/- 
phosphate was synthesized from cytidine essentially by the method of 
Michelson and Todd (15). During isolation of the products of phos- 
phorylation, however, it was not possible to recover significant amounts 
of dibenzyl 2’,3’-isopropylidinecytidine 5’-phosphate. Apparently this 
triester had undergone random hydrolysis. Accordingly, the diester, 
monobenzyl] 2’,3’-isopropylidinecytidine 5’-phosphate was isolated and 
hydrogenated. It was found necessary to acidify the basic aqueous ex- 
tracts containing this diester with Dowex 50 hydrogen prior to hydrogena- 
tion. After hydrogenation, the procedure was again that of Michelson 
and Todd. The over-all yield was approximately 25 per cent of that 
reported by these authors. The purification procedure was then similar 
to that for the 2’ and 3’ isomers as described above. 

Each of these substances was considered to be free from contamination 
by any of the others by the following criteria. Both infra-red and ultra- 
violet absorption spectra of the three mononucleotides were identical with 
the corresponding spectra published by Harris et al. (16). The ultraviolet 
absorption spectrum of cytidine was identical with that of Loring et al. 


1 The nomenclature is that recommended for carbohydrates and their derivatives 
by the Nomenclature Committee of the American Chemical Society (32). Cytidine- 
3-phosphate or 3’-cytidylic acid in this system becomes cytidine 3’-(dihydrogen 
phosphate). For greater simplicity in naming the mononucleotides, however, ‘‘dihy- 
drogen’’ and the accompanying parentheses have been omitted. While a nomencla- 
ture for oligonucleotides is not precisely stated, the dinucleoside phosphates herein 
referred to are named by the method used for mononucleotides; e.g., the compound 
containing 2 molecules of cytidine esterified in the 3’ and 5’ positions to the same 
phosphate group is named as dicytidine 3’ ,5’-(monohydrogen phosphate). 
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(14). During the final purification step, only those fractions were com- 
bined which showed an optical density ratio, Dogo/De60, characteristic of the 
substance. With cytidine, a sample of the final material was passed 
through Dowex 2 formate, and no nucleotides were detected in the subse- 
quent eluate. 

Enzyme Preparations—Lyophilized prostatic phosphatase was prepared 
by the method of Loring et al. (10). This material was stored in a vacuum 
desiccator over P.O; and retained its activity over a period of 2 years. 

The venom and ribonuclease were commercial preparations obtained, 
respectively, from Ross Allen’s Reptile Institute, Silver Springs, Florida, 
and the Worthington Biochemical Corporation, Freehold, New Jersey. 

Anhydrous KH2PQ, of high purity was prepared by the method of Bates 
and Acree (17). 


Procedures 


Enzyme Incubation and Fractionation of Products of Synthesis—After 
preliminary experiments which showed that synthesis did, in fact, occur, 
the following general procedure was adopted. All starting materials were 
weighed into an appropriate glass-stoppered reaction vessel. 3 drops of 
toluene were added, and the incubation was carried out at 37° + 0.005° 
for a prescribed period of time. The pH of the solution was then deter- 
mined at 37°. The solution was brought to about pH 7 with ammonia 
and transferred quantitatively to a standard column of Dowex 2 formate, 
200 to 400 mesh, 0.83 cm.? X 30 cm. 

In order to determine the most efficient conditions for the separation of 
the expected cytidylic acids, a study was made of the relative distribution 
coefficients of the 2’ and 3’ isomers with Dowex 2 formate by the method 
of Tompkins and Mayer (18). It was found that 0.04 n formic acid ad- 
justed to pH 2.7 with ammonia (19) was more efficient than the 0.05 n 
formic acid, which has been formerly used in this laboratory. 

After elution, the various fractions were lyophilized in small test-tubes, 
and the solid matter was reconstituted in water. A volume was used such 
that the optical density was measured between 50 and 100 units per ml. 
at 280 mu, pH 1. These solutions were filtered and stored in the cold until 
used for identification purposes. 

4 Analytical Methods—Ultraviolet absorption spectra were determined 
with a Beckman spectrophotometer, model DU, between the limits of 
207 to 310 mu. All determinations were made in 0.1 N HCl solution. 
Total and inorganic phosphorus analyses were made by a modified Fiske 
and Subbarow method described by Loring et al. (14) reduced to a 1 to 3 
yscale. Nitrogen determinations were made according to Ma and Zuazaga 
(20). Periodate titrations were carried out essentially by the procedure of 
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Lythgoe and Todd (21) on a microscale so that 0.2 to 1.0 weq. of periodate 
was reduced. Maximal precision was 0.3 per cent. 

Paper Chromatographic Studies—Descending paper chromatography was 
carried out on all fractions except Fraction C with the ¢ert-butanol-HC] 
and (NH,)2SO,-isopropanol solvent systems of Markham and Smith (22) 
and the isopropanol-N H;-H,O (70:5:25 by volume) system of Brown et 
al. (23). Schleicher and Schuell No. 589 Blue Line paper was used through- 
out. Spots were detected first by examination under a Mineralight lamp 
and then by means of the phosphate spray technique of Hanes and Isher- 
wood (24). 

Paper chromatography in the isopropanol-N H; solvent system was also 
employed to determine the effects of several chemical and enzymatic 
agents on the materials present in different fractions obtained by ion 
exchange chromatography. The respective agents and procedures are de- 
scribed below. 

Lead Tetraacetate—Portions of 10 ul. of the fraction and controls were 
applied to paper and the areas were sprayed with a saturated solution of 
lead tetraacetate in chloroform. Inspection of the paper after 15 to 20 
minutes revealed a white, or lighter, spot in the area where the reagent was 
reduced, while the non-reacting spots were dark brown against a darker 
brown background. After 30 minutes or longer, non-reacting spots, ¢.g. 
the 2’ and 3’ isomers, also turn light against the brown background. A 
chromatogram was then prepared in the isopropanol-ammonia system, and 
the dark areas in the air-dried paper were bleached by exposing them to 
the fumes of concentrated HCl. 

Crotalus atroc—Samples of 100 ul. were mixed with 100 ul. of solution 
containing 0.3 mg. of lyophilized venom, 10 ul. of 0.1 Mm MgCl: , and 90 
ul. of 0.2 N Veronal buffer at pH 9. The mixture was incubated at 37° for 
2 hours and 20 ul. samples were used for paper chromatography in com- 
parison with the four reference substances treated similarly. 

Ribonuclease—Samples of 100 ul. were mixed with 100 ul. of 0.2 N Veronal 
buffer at pH 8.3 containing 0.6 mg. per ml. of ribonuclease. The solution 
was incubated for a total of 15 hours at 37°, and 20 ul. samples were applied 
to the paper after 2 and 15 hours. 


Results 


Yield of Synthetic Products from Prostatic Phosphatase—After all incuba- 
tions, ranging in time from 24 hours to 26 days, three to six distinct frac- 
tions were found by ion exchange chromatography. The most detailed 
chromatogram, obtained in an experiment with cytidine and inorganic 
phosphate (Experiment II-4, Table I), is illustrated in Fig. 1. The de- 
tails of other experiments with the same starting materials are recorded 
in Table I and those of other experiments with organic phosphate as phos- 
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phate donor in Table II. In all cases, Fractions D, E, and F, correspond- 
ing, respectively, to the 5’-, 2’-, and 3’-cytidylic acids, were recovered at 
the end of the incubations. In the later experiments, two or three of the 
remaining fractions were also recovered. 

Qualitatively, there appears to be little difference in the nature of the 
products whether the source of phosphate is all inorganic, partially in- 
organic, or wholly organic. Quantitatively, however, relatively greater 
yields were obtained when organic phosphate was present initially. Fur- 
thermore, when the organic phosphate was the 3’-mononucleotide, the 
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Fig. 1. Elution diagram of products synthesized from cytidine and inorganic 
phosphate in the presence of prostatic phosphatase, 3 ml. per tube. Elutriant, 0.04 
Nn formic acid adjusted to pH 2.7 with ammonia. Flow rate, 0.25 ml. per minute per 
em.?. The letters refer to fractions described in the text. 





amount of residual 3’-nucleotide at the end of the incubation was dispro- 
portionately greater than that of the other substances. 

Identification of Fractions—Fraction A was identified as a mixture of 
dicytidine 5’ ,5’-(monohydrogen phosphate) and dicytidine 3’ ,5’-(mono- 
hydrogen phosphate)':? from the following considerations. The absorp- 


? This work was essentially completed when the preliminary report of Heppel, 
Whitfeld, and Markham (33) on exchange reactions catalyzed by ribonuclease was 
published. The dinucleoside phosphate, dicytidine 3’,5’-(monohydrogen phos- 
phate), here described is apparently identical with that abbreviated as CpC by these 
authors (34) in that both compounds are hydrolyzed similarly by alkali, by ribonu- 
clease,and by snake venom. They also show a comparable behavior on paper chroma- 
tography in the isopropanol-ammonia system. The same compound was presumably 
formed when the cytidylic acid dinucleotide of Merrifield and Woolley (35) was 
treated with prostatic phosphatase. 
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tion spectrum with a maximum at 279 my, a minimum at 241 to 242, and 
a Dogo/ Dogo ratio of 1.7 to 1.95 suggested that the cytidine structure was 
present and intact. The molar extinction coefficient based on phosphorus 
content was 28,000, indicating the presence of 2 moles of pyrimidine base 
per mole of phosphorus and probably a dicytidine nucleoside phosphate, 
The periodate consumption expressed as moles of HIO, per mole of P was 
1.7 to 1.9 in agreement with such a postulation and required in addition 
that the majority of the cytidine be joined in 5’ linkage. 


TABLE [ 
Synthesis by Prostatic Phosphatase from Cytidine and Inorganic Phosphate 



































: ¥ ' Initial weight Total Doso in each fractiont 

as es | Enzyme | , pee |———_———_—_—__—___ 
Cytidine| KH:PO.| H:0 | A | B | c| pleElr 
— a ‘te. : gm. om rr ; gm. me ean i ko 
I-1 96 0.010 | 0.406 | 1.361 7.75 125 |15.2/25.5 
II-1} 24 0.025 | 2.430 | 0.381 | 10.00 § § 47 .6|43 .9/19.6 
48 60.6) 46.6 33.4 

96 78.8) 60.6 §1.3)/24.7/17.3 

days | | | 
s | | | | 69.4| 50.2} | 72.6/29.5/35.9 
II-3 | 9 0.025 | 0.851 | 0.477 | 10.00 24.5) 21.9 129 10.3)13.4 
II-4 | 26 | 0.050 | 5.175 | 0.577 | 19.47 | 43.4) 82.4/80.9 153 |29.9)46.9 

i | | 








* Final pH values, Experiment I-1, 6.0; Experiment II-1, 5.8; Experiment II-3, 
5.3; Experiment II-4,6.9. In Experiment I-1, column 0.83 cm.? X 21 cm. eluted with 
. 0.1 nN formic acid; in Experiments II-1 to II-4, columns 0.83 cm.? X 30 cm. eluted 
with 0.04 nN formate buffer at pH 2.7. 

t (Optical density at 280 mu) X (dilution) X (total volume). 

t Weighed aliquots taken at stated time intervals. The Dogo values were all cal- 
culated on the basis of the same initial weights of the starting materials. 
§ Fractions A and B, in this case, were pooled. The total Deso was 130. 


While the high periodate uptake was suggestive of dicytidine 5’,5’- 
phosphate, there was evidence of inhomogeneity both from the asymmetry 
of the ion exchange diagram (Fig. 1) and from the results of paper chro- 
matography. It was found that tailing of the spots took place both with 
the ammonium sulfate-isopropanol and isopropanol-ammonia systems, in 
which main components were found with Rr values of 0.63 and 0.27; 
respectively. With éert-butanol-hydrochloric acid, apparent resolution of 
two components occurred with Ry values of 0.15 and 0.27. 


* As the Rr value of cytidine 3’-phosphate in the same chromatogram was 0.17, 
the R, value (ratio of Rr values of the diester and cytidine 3’-phosphate (34)) was 1.6. 
This compares favorably with 1.7 reported for CpC in a slightly different isopropanol- 
ammonia system. 
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When this fraction was oxidized by lead tetraacetate as described above 
and the products examined by paper chromatography, two ultraviolet- 
absorbing products, differing in Rr values from that of the original material, 
as well as inorganic phosphate (Rr value 0) resulted. One corresponded 
to cytidine 2’- or 3’-phosphate, Ry value 0.16 to 0.18, and the other to the 
dialdehyde produced by lead tetraacetate oxidation of cytidine, Rp value 
0.55. From the reaction of Brown et al. (25), lead tetraacetate oxidation 
of a 5’,5’-diester followed by mild alkaline hydrolysis should yield inor- 
ganic phosphate and the dialdehyde mentioned, while similar treatment of 
a 3’,5’-diester should yield the same dialdehyde and cytidine 2’- or 3’- 


TABLE II 


Synthesis by Prostatic Phosphatase from Cytidine and Ethyl Phosphate and 
from Cytidine 3'-Phosphate 






































Initial weight Total Deso in each fractiont 
, Time of 
~ incu Enzyme Organic | | | 
a | Cytidine| KH:PO.| phos- | HO |}A/B}C| D| E | F 
| phatet | 
| days | gm. 2% gm. | on | gm. | gm. i ee met iad 
i... 0.008 | 0.174 | (1.55 | 8.1) | | | 357) 32.4) 68.4 
I-3 6 0.010 0 | 1.165 0.485 9.4) | 420/118 \1590 
IIl-2 | 16 | 0.025 | 0 8.00 500 15|25|25|1630 99 /1400 
| | | | | 








* Final pH values, Experiment I-2, 6.0; Experiment I-3, 6.2; Experiment II-2, 
5.9. In Experiments I-2 and I-3, columns 0.83 cm.? X 20 cm. eluted with 0.1 nN formic 
acid; in Experiment II-2, column 0.83 cm.? X 30 cm. eluted with 0.04 n formate 
buffer at pH 2.7. 

+ Experiment I-2, Na,C.H;(PO,); Experiments I-3 and II-2, cytidine 3’-phos- 
phate. 

t (Optical density at 280 mz) X (dilution) X (total volume). 


phosphate. Treatment of the fraction with the diesterase and 5’-nucleo- 
tidase of crude C. atrox venom converted all the material to cytidine and 
inorganic phosphate, as expected for either a 5’,5’ or a 3’,5’ diester (26- 
28). 

Examination of the products of alkaline hydrolysis (10 ul. with 4 ul. of 
0.1 N NaOH in a sealed tube at 100° for 2.5 hours or 10 yl. with 10 ul. of 
1 n NaOH at room temperature for 12 hours) by paper chromatography 
in the isopropanol-ammonia system showed that a part of the original ma- 
terial had been converted to cytidine and probably a mixture of the 2’- and 
3’-cytidylic acids, while part of the sample remained unaffected. Accord- 
ing to present theory (28, 29), the 3’ ,5’-diester should yield cytidine and a 
mixture of the 2’- and 3’-cytidylic acids, while the 5’ ,5’-diester should be 
unaffected by alkaline treatment, 
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Finally, the results after ribonuclease action showed clearly that only 
part of the material was hydrolyzed and part of it was unaffected. The 
expected products of ribonuclease action on the 3’ ,5’-diester, cytidine and 
cytidine 3’-phosphate, were found as new spots after hydrolysis. From 
the known specificity of the action of ribonuclease on synthetic diesters 
(30), these facts confirm the presence of a 3’ ,5’-diester (hydrolyzed by ribo- 
nuclease) and the presence of a component not containing a 3’-pyrimidine 
linkage (not hydrolyzed by ribonuclease). The present evidence cannot 
exclude the possibility that a small amount of the 2’ ,5’-diester may have 
been present also. 

Fractions B and C—These fractions have not been adequately charac- 
terized. Both were apparently anionic in nature at neutral pH, and both 
contained cytidine as judged from their spectral characteristics. During 
lyophilization preparatory to rechromatography, Fraction C was appar- 
ently quantitatively destroyed and a corresponding amount of cytidine was 
recovered. This behavior suggested that the fraction contained a highly 
labile compound. fR, values of 0.31, 0.68, and 0.33 were found for Frac- 
tion B in the three solvents used in the order mentioned. After treatment 
with lead tetraacetate, Fraction B was quantitatively converted to a sub- 
stance with the same FR, value as the dialdehyde oxidation product of cyti- 
dine, Rr value of 0.55, inisopropanol-NH;. The most remarkable property 
of the material in this fraction was that it contained no phosphorus. 
Preliminary studies suggested that the acidic component might be some 
amino acid or peptide, present in the crude lyophilized prostatic tissue. 

Fraction D—Fraction D was shown to be cytidine 5’-phosphate by the 
following properties and reactions. The position of the fraction by ion 
exchange chromatography corresponded to that expected from the data of 
Michelson and Todd (31).4 Its Rr values on paper in the three solvent 
systems were as follows: tert-butanol-HCl, 0.32; (NH,4)2SO,-isopropanol, 
0.82; and isopropanol-NH3;, 0.12. Control spots of synthetic cytidine 
5’-phosphate on the same chromatogram gave identical Rr values for each 
solvent. The calculated molar extinction coefficient at 280 my, based on 
phosphorus content, was 12,840 compared to a value of 12,820 for the 
synthetic reference compound. The positions of the absorption maximum 
at 280 my and of the absorption minimum at 241 my, as well as the Dego/- 
Dogo ratio of 2.12, were the same for both substances. The N:P ratio 
and molar periodate uptake were 3.1 and 0.95 to 1.2, in good agreement 
with the respective theoretical values of 3.0 and 1.0. 

Treatment of the fraction and of controls of the 5’ isomer and cytidine 

4 In the experiments of Michelson and Todd (31), Dowex 2 formate was employed 


for the separation of the three cytidylic acid isomers. A similar order of elution of 
these substances was found by Cohn and Volkin (36) employing Dowex 1 formate. 
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with lead tetraacetate and examination of the products by paper chroma- 
tography as described above gave in each case a phosphate-free, ultraviolet- 
absorbing compound having the identical Rr value of 0.55. Phosphorus- 
containing spots with an Rr value of 0.07 were present in the case of the 
fraction and of the 5’ isomer, while with cytidine a phosphate-free spot 
with an Ry value of 0.38 was alsofound. It may be inferred that the action 
of lead tetraacetate on these compounds is identical with that of periodate, 
but that under the conditions used oxidation was not complete. It is 
assumed that the spots with the R, value of 0.07 corresponded to unchanged 
cytidine 5’-phosphate and that those with 0.38 to unchanged cytidine, the 
decrease in Ry value in each case resulting probably from the presence of 
lead dioxide on the chromatograms. 

The analysis by paper chromatography of the hydrolysis products of 
Fraction D and known cytidine 5’-phosphate by crude snake venom showed 
that both samples were converted to cytidine and inorganic phosphate. 
This is in accordance with the known 5’-nucleotidase activity of the prep- 
aration (26, 27). Under similar conditions, neither the 2’ nor the 3’ 
isomer was affected. 

Fractions E and F—Reactions and properties analogous to those em- 
ployed in identifying the 5’ isomer served to identify these fractions as the 
2’ and the 3’ isomers, respectively. In particular, their positions by ion 
exchange chromatography were identical with those of the known com- 
pounds under comparable conditions. The Rr values for Fraction E in 
tert-butanol-HCl, (N H,4)2SO,-isopropanol, and isopropanol-NH; were 0.41, 
0.83, and 0.19, respectively, as compared with values of 0.41, 0.82, and 
0.19 for control spots of cytidine 2’-phosphate.® Similarly, in the same 
solvents, Fraction F gave Rr values of 0.40, 0.77, and 0.16 as compared to 
0.40, 0.78, and 0.17 for control spots of cytidine 3’-phosphate. 

The ultraviolet absorption characteristics confirmed the identification 
of Fraction E with the 2’ isomer and of Fraction F with the 3’ isomer in all 
important respects. Finally, it was shown in titration experiments that 
neither substance was appreciably affected by periodate (14). When each 
was treated with lead tetraacetate and the products were examined by 
paper chromatography in the isopropanol-NH; solvent, only one phos- 
phorus-containing component with ultraviolet absorption was found in 
each case, although the Rr values were decreased to 0.18 and 0.16, respec- 
tively. In accord with the expected behavior of these two isomers (26), 
neither was hydrolyzed by treatment with snake venom. 


5 Similar Rr values in tert-butanol-HCl, 0.46, and (NH,).SO,-isopropanol, 0.74, 
were calculated from the data of Markham and Smith (Figs. 1, A and 2 (22)) for 
the mixed cytidylic acids produced on acid hydrolysis of ribonucleic acid, 
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DISCUSSION 


The finding of three isomeric mononucleotides from the incubation of 
cytidine and inorganic phosphate was to be expected by analogy with 
previous synthetic experiments of this nature. The non-specificity of the 
enzyme in this regard is thus confirmed. The isolation of the three nucleo- 
tides when only cytidine 3’-phosphate was used as the substrate appears to 
conflict with the statement of Brawerman and Chargaff (12) that mono- 
nucleotides do not serve as phosphate donors in this same system. Be- 
cause of the demonstrated nucleotide synthesis from inorganic phosphate, 
it is apparent that any phosphate ester hydrolyzed by prostatic phospha- 
tase should serve as a source of phosphate for esterification. Demonstra- 
tion of synthetic nucleotide from nucleoside and an organic phosphate is 
thus insufficient evidence that direct transfer of phosphate has occurred. 

It has been reported previously that prostatic tissue does not contain a 
phosphodiesterase (8). The evidence here strongly suggests the presence 
of diesterase activity, in that substances were isolated which were hydro- 
lyzed by snake venom diesterase and by ribonuclease. Whether the di- 
esters found represent the primary synthetic products, or whether they 
were the products of the hydrolysis of dinucleotides which were first syn- 
thesized, cannot be ascertained from the evidence. The failure to find 
the diesters in the earlier experiments may have been the result of less pre- 
cise analytical methods, the use of smaller amounts of enzyme, the use of 
different enzyme preparations, or a combination of these factors. 

The finding of so many different products from what was initially felt 
to be a relatively simple system suggests that great caution should be ob- 
served in interpreting the results of equilibrium studies of this type. This 
is particularly important whenever the separation and isolation methods 
are not at least as sensitive as ion exchange chromatography. Although 
it is evident that one cannot calculate valid equilibrium constants or 
standard free energy changes from the data obtained in this study, it may, 
nevertheless, be helpful to express the results for the three synthetic 
mononucleotides in mathematical form to show more clearly the relative 
magnitude of synthesis under conditions probably not entirely remote 
from true equilibrium. For this purpose, the symbol, A, was used to 
refer to the product of the final molal concentrations of cytidine and inor- 
ganic phosphate divided by the final molal concentration of the appro- 
priate nucleotide. These concentrations represent the sum of all of the 
ionic species of each formal component. The A value so obtained is a 
measure of the extent of hydrolysis of the nucleotide in question. The 
results of these calculations are summarized in Table IIT. 

With one exception, the order of magnitude of the A values for the iso- 
mers within each experiment suggests that the relative stabilities are in the 
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order 5’ > 3’ > 2’. This order is in agreement with the conclusions of 
Meyerhof and Green (5) regarding the behavior of phosphate esters of 
primary and secondary alcohols. Excluding two experiments in which 
eytidylic acid was present initially (Nos. I-3 and II-2), one may observe 
from Table III that the A values for cytidine 2’-phosphate and cytidine 
3’-phosphate vary within each experiment in a parallel fashion. Computa- 
tion of the ratio of these A values gave ratios varying from 1.18 to 1.62, 
with a mean of 1.39. Such a ratio corresponds to a mixture of 42 per cent 
of the 2’-ester and 58 per cent of the 3’-ester. 

This relationship is strikingly similar to that observed when ribonucleic 
acid is subjected to alkaline hydrolysis. To check this point, a sample of 
the combined cytidylic acid fractions from such a hydrolysate was analyzed 








TaB_eE III 
Empirical Products, A, for Enzymatically Synthesized Mononucleotides* 
Emeriment No. | Nuot | Finalp | Arprtiding | Arortiding | 4. ortiding 
I-1 0.950 6.2 216 1710 1230 
II-1 0.973 5.80 484 1200 1020 
II-3 0.982 5.30 121 1500 1190 
II-4 0.974 6.92 384 1950 1280 
I-2 0.946 6.0 22.8 246 152 
1-3 0.974 6.2 48.8 173 12.4 
II-2 0.998 5.88 9.4 154 11.3 




















* (Final molal concentration of cytidine) X (final molal concentration of inorganic 
phosphate) X (final molal concentration of nucleotide)’. Each concentration 
represents the sum of all ionic species of each formal component. 

+ Nueo = calculated mole fraction of water. 


quantitatively by ion exchange chromatography, with 100 per cent separa- 
tion of the isomers. The results showed 43.6 per cent of the 2’-nucleotide 
and 56.4 per cent of the 3’-nucleotide. These results may be compared 
with the values of 43 and 57 per cent, respectively, for an equilibrium mix- 
ture of the 2’- and 3’-nucleotides after isomerization in 1 N HCl as reported 
by Loring et al. (14). Again, Brown and Todd (30) obtained a mixture of 
the two isomers in a ratio of 40 and 60 per cent, respectively, from alkaline 
hydrolysis of benzyl cytidine 3’-phosphate. 

The similarity in the proportions of the two isomers found under the 
several conditions mentioned is considered to be strong evidence that the 
composition of the mixture in each case represents approximately the true 
equilibrium value. If treatment of ribonucleic acid with alkali yields 
similarly the equilibrium mixtures of the other 2’- and 3’-mononucleo- 
tides, it follows that the relative amounts of the isomers formed are not 
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indicative of the number of either 2’ or 3’ linkages present in the original 
ribonucleic acid structure. 

In Experiments I-3 and II-2, cytidine 3’-phosphate was present initially, 
and in Experiment I-2, ethyl phosphate was the sole source of phosphate, 
Synthesis of each nucleotide was greater in these cases than in the experi- 
ments in which inorganic phosphate was the only source of phosphate. 
The higher yields in these cases cannot be explained by transphosphoryla- 
tion alone, since it would be expected from thermodynamic considerations, 
as well as from the work of Meyerhof and Green (5, 6), that the final 
equilibrium composition would not be significantly altered from that found 
by synthesis alone. If, however, inorganic phosphate does not inhibit 
transphosphorylation, it is possible that this activity may proceed more 
rapidly than hydrolysis or synthesis and so give the increased yields as 
observed. This possible explanation has not been investigated further. 


SUMMARY 


1. Experiments were carried out to establish whether nucleotides could 
be synthesized from a nucleoside plus inorganic or organic phosphate in the 
presence of prostatic phosphatase. Incubations were performed under a 
variety of conditions, with cytidine and inorganic phosphate, cytidine and 
ethyl phosphate, and pure cytidine 3’-phosphate as substrates. 

2. In all cases three isomeric mononucleotides were synthesized in yields 
which were greater when organic phosphates were present initially. 

3. In addition to the mononucleotides, however, several other substances 
were found which contained the cytosine structure. Two of these sub- 
stances were identified as diesters of cytidine and phosphoric acid: dicyti- 
dine 3’ ,5’-(monohydrogen phosphate), and dicytidine 5’ ,5’-(monohydro- 
gen phosphate). 

4. The implications of these findings are discussed. 


The authors wish to express their appreciation to The National Founda- 
tion for Infantile Paralysis, Inc., through whose generosity this work was 
made possible. 
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EFFECT OF PHOSPHATE AND OTHER FACTORS IN POTATO 
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(Received for publication, August 22, 1955) 


Previous studies by the senior author and coworkers have been concerned 
with the enzymatic media responsible for the accumulation and removal of 
carbohydrates in potatoes (1, 2). We have been especially interested in 
auxiliary, naturally occurring factors controlling enzyme action involved 
in carbohydrate transformation. Arreguin-Lozano and Bonner (3) ob- 
served that ethanolic extracts of potatoes which had been held at 25° 
depressed the formation of iodine-staining polysaccharides in partially 
purified phosphorylase digests and concluded that these extracts contained 
a potent specific phosphorylase inhibitor. The effect of structure of 
starch-like material on the spectral characteristics of the polysaccharide- 
iodine complex has been studied in detail by Swanson (4). 

In a preliminary examination of this apparently inhibitory effect, the 
present authors (5) concluded that at least two factors contributed to the 
suppression of the iodine staining of phosphorylase digests: (a) a substance 
present only in freshly prepared EE! capable of reducing iodine in the 
presence of partially purified enzyme, and (b) a low molecular weight 
primer of phosphorylase, the effect of which was to decrease the average 
length of the growing amylose chains during the initial lag phase of poly- 
saccharide formation. 

Recently and independently, Porter and Rees (6) found that these ex- 
tracts contain short chain dextrins and glucose, and that the latter inter- 
acts with phosphorylase-polymerized glucosyl polymers under the in- 
fluence of the ‘‘D” or disproportionating enzyme (7) present as an impurity 
in the crude phosphorylase preparation. They conclude that the shorten- 
ing of the chain length of the amylose, mediated by the D enzyme, was 
the major cause in producing apparent inhibition of phosphorylase as 
measured by the iodine-staining property of the enzyme digest. 

Further analysis of this apparent inhibition at initial stages of phos- 
phorylase action has been undertaken here. The data strongly suggest 
that, in addition to the factors enumerated above, inorganic orthophos- 

‘The following abbreviations are used in this paper: EE, preparation derived 
from ethanolic potato extract as used by Porter and Rees (6); P; , inorganic orthe- 
phosphate; Uo, activity in absence of EE; U; , activity in presence of EE. 
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phate, present in EE, participates in changing the nature of the polymeriz- 
ing amylose chains during initial stages by means of a chain-terminating 
reaction. Thus phosphate may play a réle other than its well recognized 
effect on the reaction equilibrium. 


EXPERIMENTAL 


Phosphorylase—Russet Burbank and White Rose varieties of potatoes, 
harvested about 2 to 3 months prior to the initiation of this investigation, 
were treated with 5 per cent sodium hydrosulfite after peeling and dicing. 
The potato extracts obtained from this treatment were fractionated three 
times with ammonium sulfate between 0.3 and 0.5 saturation (8). The 
precipitate from the last fraction was dissolved in a minimum of water. 
These preparations, containing between 100 and 200 units of phosphoryl- 
ase per ml., represented 5- and 10-fold enrichment on a protein-nitrogen 
basis. Attempts to crystallize potato phosphorylase according to the pro- 
cedure of Baum and Gilbert (9), based upon the adsorption of the enzyme 
on amylose, were unsuccessful. This failure was due principally to the 
inability to find conditions which effectively washed the amylose-phos- 
phorylase complex without eluting the enzyme. Our experiences are 
similar to those found by another investigator.’ 

Determination of Phosphorylase and Release of Inorganic Phosphate—The 
enzyme in 1 ml. of digest was incubated with 11 wmoles of glucose-1-phos- 
phate (dipotassium dihydrate salt) and 100 y of soluble starch in 0.2 m 
acetate buffer, pH 6.0, at 37°. The total digest was treated, after an 
appropriate interval, with 2 ml. of cold 5 per cent trichloroacetic acid, and, 
after 10 minutes at 0°, centrifuged at 0° at 1000 X g. An aliquot of the 
supernatant liquid was analyzed for inorganic phosphate according to the 
method of Lowry and Lopez (10), thus eliminating the high blank encount- 
ered when more acid conditions are used to develop the color of the reduced 
phosphomolybdate complex. In all cases, appropriate zero time controls 
were run. 

1 unit of phosphorylase is defined as that amount of enzyme releasing 1 
neq. of inorganic phosphate in 30 minutes. The phosphate released was 
found to be essentially linear with respect to enzyme concentration (Fig. 1) 
and with respect to time (Fig. 2) during the early stages of the reaction 
when less than 15 per cent of the glucose-1-phosphate had reacted. 

Phosphorylase Determination; Amylose Formed—To the digest were added 
5 ml. of KI; solution (0.005 m I; and 0.25 m KI) and, after dilution with 
10 ml. of water, the optical density was estimated at 660 mu (Evelyn color- 
imeter). This color was calibrated against a highly purified potato amyl- 
ose preparation (11). The relation between sample concentration, as de- 


2 Hassid, W. Z., personal communication. 
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termined with the anthrone reagent (12) and iodine blue, is presented in 
Fig. 3 for both the amylose and a sample of potato starch. From the slopes 
of these lines, one can calculate (12) the percentage of amylose in the 
starch as equal to 23.7 per cent. This value compares favorably with 
the values found for potato amylose in the literature (13). 

We have expressed the amylose concentration as microequivalents of 
the anhydroglucose unit of amylose. The relation between enzyme units 
as previously defined and amylose production appears in Fig. 1. This re- 


Amylose 


Product Formed in 30 Minutes-peq 
5 


0 l l 
| 2 3 4 
Phosphorylase Units 
Fig. 1. Relation of phosphorylase concentration, expressed as phosphorylase 
units, to products formed after 30 minutes. 1 ml. of digest at 37°; P; , inorganic phos- 
phate formed. Amylose determined by iodine-staining power (see the text). 


: 








lationship varied somewhat from batch to batch of partially purified 
enzyme, possibly because of variation of the phosphatase and Q enzyme 
contents of the preparations. 

Polysaccharide and Retrogradation—Alcohol-insoluble polysaccharides 
were determined by means of the anthrone reagent (12) on the precipitate 
from 80 per cent ethanol after three precipitations. The extent of retro- 
gradation of the amylose formed was determined by measuring the iodine- 
staining value of the precipitate and the supernatant fluid obtained from 
centrifugation (10 minutes at 1000 X g) of the trichloroacetic acid-treated 
digest which had stood for 10 minutes at 0° after addition of the acid. 
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The precipitate was redissolved in 1 ml. of 1 ny NaOH and, after neutrali- 
zation, was treated with KI; as previously described. The iodine-staining 
value of the supernatant fluid was also determined. 

Preparation of Ethanol Extracts—The procedure for extraction is that 
described previously (13). The residue from vacuum distillation em- 
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Fig. 2. Effect of EE (0.4 ml.) on inorganic phosphate (A) and amylose (B) pro- 
duced by 0.2 unit of phosphorylase. @, control; O, effect of EE. 
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Fig. 3. Calibration of iodine-staining power (see the text) of a highly purified 
amylose (1) and Lintner soluble starch (2) as determined by the anthrone reagent 


(12). 
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ployed for removal of the ethanol was diluted to 60 ml. (corresponding to 
6.67 gm. of potato tissue) and the pH adjusted to 6.0 from a range of 4.8 
to 5.3. Subsequent extraction with a petroleum ether solvent and filtra- 
tion by gravity did not alter the inhibitory properties of the extracts, 
which were allowed to remain at 3° for at least 2 days prior to testing for 
inhibitory activity. This holding period was necessary to eliminate the 
fading effect to be discussed later. 

Acid Treatment and Deionization—Aliquots of EE (2.2 ml. each) were 
added to 0.2 ml. of 12 n HCl to give a final concentration of 1 Nacid. One 
acid-treated aliquot was incubated at 25° and another at 100° for 1 hour. 
After cooling and neutralization with 5 n KOH to pH 6.0, the treated 
samples were diluted to 3.0 ml. A third aliquot was diluted ten times and 
passed through successive columns of IR-120 and IR-4B ion exchange 
resins. After the columns were washed, the effluent was evaporated to 
2.5 ml., adjusted to pH 6.0, and diluted to 3.0 ml. In addition, the effect 
of glucose and KCl on phosphorylase action was determined. The amount 
of glucose used corresponded to about 3 per cent (dry weight basis) of the 
amount of potato tissue represented by 0.5 ml. of the diluted EE used in 
the digest. The KCl corresponded to the amount added in the acid- 
treated experiments. 

The release of inorganic phosphate and the formation of amylose by 1.2 
units of phosphorylase in 30 minutes in the presence and in the absence of 
added starch primer, as well as initial inorganic phosphate concentrations, 
were measured. 


Results 


Effect of Initial Inorganic Phosphate—The results of two typical experi- 
ments on the effect of inorganic phosphate on product formation are pre- 
sented in Figs. 4 and 5 and in Table I. Within the experimental error, 
there seems to be little or no inhibition of the initial rate of phosphate re- 
lease with increasing phosphate concentration at two widely different 
enzyme concentrations (Fig. 4). 

In contrast, amylose formation was greatly suppressed in the presence of 
increasing concentrations of phosphate (Fig. 5). Addition of inorganic 
phosphate to a KI;-treated digest did not change its optical density, thus 
indicating that the effect was not due to an interference by a phosphate ion 
with the formation of a blue iodine-amylose complex. 

That this diminution in amylose formation may indeed be a reflection of 
an alteration of the degree of polymerization of the lengthening primers 
is given further support from observation of the differences in retrograda- 
tion rates of the phosphorylase-synthesized polymer (Table I). The per- 
centage of total amylose retrograded was found to be greatest for the 
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digest with the smallest concentration of phosphate. That this is not 
merely a reflection of the extent of the reaction may be seen by comparing 
the retrogradation value after 30 minutes for the digest containing 0.2 
ueq. of inorganic phosphate with that after 60 minutes for the digest con- 
taining 8.2 weq. Although about the same amounts of amylose (0.36 + 
0.02 weq.) were formed in each case, the retrogradation value in the low 
phosphate-containing digest was 3 times that in the high phosphate-con- 
taining digest. 





Phosphate Formed-peq 
~M 








\ | rt n 
60 120 


Time in Minutes 
Fic. 4. Effect of varying the initial inorganic phosphate content on the release of 
inorganic phosphate by 12 units (Curve 1) and by 0.4 unit (Curve 2) of phosphoryl- 
ase. O, @, and A represent digests containing 0.1, 1.4, and 6.9 weq. of initial in- 
organic phosphate, respectively, for Curve 1. O, @, A, and CO represent digests 
containing 0.2, 2.2, 4.2, and 8.2 uweq. of initial inorganic phosphate for Curve 2. 





Characteristics of Product Formation As Affected by EE—When EE, cor- 
responding to 2.7 gm. of potato tissue, was added to an incubation mixture 
containing 0.2 unit of phosphorylase, no inhibition of phosphorylase ac- 
tivity as measured by phosphate release could be observed (Fig. 2). In 
other experiments, small but significant activation of phosphate release 
was observed. On the other hand, the extracts did affect the formation of 
iodine-staining carbohydrate in an obvious manner. 

It will be noted that the lack of stoichiometry between inorganic phos- 
phate released and amylose formed diminished as the reaction proceeded 
(Table II). Thus the ratio of amylose to phosphate was less than 0.5 in 
the control after 30 minutes of digestion when 1 per cent of the glucose-1- 
phosphate had reacted but was almost equal to 0.9 after 3 hours. In the 
presence of EE, a ratio equal to 0.5 was reached only after 180 minutes of 
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incubation. Even in the control digest these ratios may be affected by 
the presence of phosphatase and Q enzyme in the phosphorylase prepara- 
tion. 
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Fig. 5. Effect of inorganic phosphate on the formation of amylose. Conditions 
the same as those described for Fig. 4, Curve 2. 


TaBLeE I 
Effect of Initial Phosphate on Retrogradation of Amylose Formed by Phosphorylase* 


| 











Per cent retrogradation of total amylose 
Initial phosphate 
30 min. | 60 min. 90 min. | 120 min 

| | 
meq. | 
0.2 31 | 35 38 | 42 
2.2 29 31 31 2 
4.2 7 | 14 25 32 
8.2 0 | 11 31 33 











* Conditions the same as for Curve 2, Fig. 4. 


The digest, after 120 minutes in this experiment, was analyzed for alco- 
hol-insoluble polysaccharide as well as for amylose and inorganic phos- 
phate. In Table II the ratio of amylose to polysaccharide was essentially 
the same as the corresponding ratio of amylose to phosphate, indicating 
that the average chain length of the amylose being formed was not short- 
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ened to the extent that the resulting polymers became soluble in 80 per 
cent alcohol. Table III contains additional data on the effect of EE on 
polysaccharide formation. According to these results, the extent of poly- 
saccharide formation is greater than that of amylose formation and the 


TABLE II 
Ratio of Products Formed in Presence and in Absence of EE* | 





| Ratio of amylose produced to inorganic phosphate released 











Time -———_—__-— a ———— 
| Control EE 
min. 
30 | 0.46 0.16 ; 
60 | 0.61 0.18 
90 0.66 0.28 
120 0.78 0.36 
1207 | 0.72t 0.34t 
180 | 0.88 0.56 














+ The ratio of amylose to 80 per cent ethanol-precipitable carbohydrate (poly- 
saccharide). 


TABLE III 


Amylose and Carbohydrate Formation in Presence and in Absence of EE 
The values represent the microequivalents formed in 30 minutes. 





Experiment I Experiment II 








Product _ | 
| Control EE | Control EE 
| 
BNE Sie onic ea) 0.95 | 0.45 | 1.60 0.71 
Polysaccharide... . 1.41 2.17 2.06 
0.05 0.00 


i 








Oligosaccharide 


Experiment I, 1.2 units of phosphorylase, 0.4 ml. of EE per ml. of digest. Ex- 
periment II, 2.5 units of phosphorylase, 0.4 ml. of KE per ml. of digest. Polysac- 
charide measured as the increase in anthrone-reacting material in a precipitate from 
80 per cent ethanol. Oligosaccharide measured as the increase in a fraction soluble 
in 80 per cent ethanol. 


major effect of EE is to decrease amylose but not polysaccharide forma- 
tion. There may be a significant increase in the formation of alcohol- 
soluble oligosaccharides in the absence of EE. 

A linear relation was observed between EE concentration and the ratio 
of the apparent phosphorylase activity (KI; method) in the presence (U;) 
to that in the absence (Up) of EE at two different enzyme concentrations 
and with two lots of inhibitor (Fig. 6). 
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Effect of Acid Treatment and Deionization of EE—Acid treatment of EE 
preparations had very little effect on phosphate release but did increase 
inhibition of amylose formation as compared to untreated EE, in both the 
presence and the absence of added starch primers (Table IV). Further- 
more, the more drastic the treatment, the greater was the inhibition. In 
contrast, partial deionization resulted in a preparation which activated 
the release of phosphate but not the formation of amylose in both the 
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Fig. 6. Effect of enzyme and EE concentration on the inhibitory effect of EF. 
U1: Uo , ratio of phosphorylase units in the presence of EE to that in the absence of 
EE. Curvel, Uy, 1.2; Curve 2, Uo, 1.0. Different EE preparations were used in 
each experiment. 


presence and the absence of added starch primers. Glucose exerted no 
effect on the release of inorganic phosphate (8), but did have a small but 
significant inhibitory effect on amylose formation. KCl added as a con- 
trol for acid-treated EE had no effect. In general, there seems to be a 
certain degree of correlation between the initial inorganic phosphate con- 
tent of the digest and the extent of amylose formation. 

EE preparations also cause a decrease in the percentages of retrograded 
amylose. In a typical experiment (0.55 ml. of EE, 8.0 units of phosphoryl- 
ase; 10 minutes at 37°) it was found that, in the presence of both EE and 
deionized EE, only 14 per cent of the amylose had undergone retrograda- 
tion, as compared to 48 per cent in the untreated controls. 
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Fading Effect—The blue color of the amylose-iodine complex faded quite 
rapidly when freshly prepared EE was included in the phosphorylase incu- 
bation mixture (Fig. 7). This fading effect was due to the reduction of 


TABLE IV 
Effect of EE, Treated EE, and Glucose on Product Formation by Phosphorylase* 
The values are given in microequivalents. 











| Primer present Primer absent 
| Initial 
Subst dded or treat t 
ee re phosphate Phosphate | Amylose | Phosphate | Amylose 
released formed released formed 
NN fia, Walshe ands ace ow avo. s Siete 0.2 1.2 0.81 0.6 0.24 
ra aaa he aks: d cock, Scan a 4.1 1.3 0.54 0.7 0.15 
OT TEE pia s-ecacie enibn eens 6.0 1.2 0.48 0.5 0.11 
elt are ee 8.3 1.1 0.30 0.3 0.06 
** resin effluent............... 1.9 1.5 0.74 1.2 0.23 
Glucose, 15 mg................. 0.2 1.2 0.74 0.7 0.20 
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Fig. 7. Effect of adding 0.4 ml. of freshly prepared EE on the apparent amylose 
value of a digest containing 0.5 unit of phosphorylase. The dotted lines indicate the 
course of fading of the KI; digest with time. 


iodine as evidenced by thiosulfate titration of the faded extract, by the 
complete eventual disappearance of the blue color, and by the fact that 
the original blue color could be restored by addition of iodine equivalent 
to the amount originally present. This fading effect was observed only 
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when both enzyme source and extract were present, suggesting that the 
iodine reduction proceeds via an enzymatic oxidation or iodination of a 
reductant present in these extracts. That this substance is probably 
oxidizable by oxygen is shown by the complete elimination of this effect 
after exposing EE to air for 2 days at low temperatures. 


DISCUSSION 

The behavior of inorganic phosphate in diminishing the rate of increase in 
iodine-staining power without a corresponding decrease in the phosphate 
released can perhaps be best explained on the basis of a mechanism of chain 
propagation in which one assumes a reaction between a growing primer- 
enzyme complex (14) and successive glucose-1-phosphate molecules. If 
one envisions chain termination in the absence of added phosphate as due 
to the occasional (not rate-limiting) interaction of this propagating enzyme- 
polymer complex with inorganic phosphate, then the probability of chain 
termination would increase with increasing initial phosphate concentra- 
tion. This scheme fits into the category of a partial or incomplete single 
chain mechanism as contrasted with single and multichain mechanisms, 
discussed recently by Larner (15) for depolymerization processes. The 
ratio of phosphorylation to the change in chain length owing to this chain- 
terminating reaction in the presence of phosphate in the initial stages 
(e.g., 1 phosphate for every 50 glucose units transferred) would be quite 
small, so that the observed net decrease in phosphate would be well within 
experimental error. On the other hand, the resulting diminution in chain 
length would be readily detectable by the iodine-staining technique or by 
the even more sensitive measurement of the degree of retrogradation. 
While there is apparently an optimal chain length for maximal retrograda- 
tion (16, 17), it is probable that under the present conditions we are dealing 
with amylose polymers in which the average degree of polymerization is 
well on the lower side of this optimum (14). 

The data of Table IV suggest that a major factor in EE responsible for 
inhibition of amylose production is inorganic orthophosphate. Thus from 
the data in Fig. 5 and Table IV it appears that, for this particular sample, 
phosphate ion could account for 40 per cent of the total inhibition. Fur- 
thermore, a high degree of correlation was found between the relative 
degree of inhibition and relative phosphate concentration of EE samples 
prepared from two potato varieties (Fig. 8). 

The results presented here are in qualitative agreement with those of 
Porter and Rees (6); that is, these results demonstrate that primer material 
is present in EE and that glucose can diminish amylose formation. How- 
ever, under the conditions of Porter and Rees, who made their measure- 
ments at rather advanced stages of phosphorylase action, glucose in EE 
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appeared to be the major factor contributing to the decrease in amylose 
via the action of D enzyme impurity in the phosphorylase preparations. 
In the present work, where measurements were made at initial stages of 
the reaction, the glucose appears to be minor in importance. Inorganic 
phosphate, however, and possibly primers, the effect of which has been 
interpreted in terms of a decrease of the average chain length of the grow- 
ing amylose chains during the initial lag phase, as mentioned previously 
(5), seemed to be of major significance. 
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Fig. 8. Statistical relation between the inorganic phosphate content and the in- 
hibitory activity of EE preparations; @, Russet Burbank variety; O, White Rose 
variety. The straight lines are calculated regression lines (least squares) and the 
values of r are the corresponding correlation coefficients. 


In Table IV, in the absence of added primer, deionized EE has a great 
activating effect on the liberation of P;, whereas untreated EE shows only 
a small effect. The simplest interpretation of this apparent inconsistency 
is that there is a true inhibition of phosphorylase activity (not P;) in the 
original fraction which counteracts the effect of primer present in EE. 


SUMMARY 


The apparent inhibitory action on crude potato phosphorylase of prep- 
arations from ethanolic potato extracts has been shown to be confined to a 
diminution of chain length of the amylose formed, as evidenced by iodine- 
staining power and by retrogradation rates. These preparations inhibit 
neither the initial rates of liberation of inorganic phosphate nor the forma- 
tion of ethanol-insoluble polysaccharides. The degree of apparent inhibi- 
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tion was found to be highly dependent upon the amount of extract. It was 
demonstrated that the effect in freshly prepared extracts could be at least 
in part accounted for by the presence of four factors in the water-soluble 
fractions of these ethanol extracts: (a) glucose, (b) phosphorylase primer 
species, (c) inorganic phosphate, and (d) apparent enzymatic reduction of 
iodine by a highly oxidizable factor in the freshly prepared extract. The 
latter factor was eliminated by exposure to air. The mechanism of these 
effects, especially that due to inorganic phosphate, is discussed. 


The authors wish to acknowledge the helpful review of this manuscript by 
Dr. F. A. Loewus and Dr. C. 8. Stringer. 
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DETERMINATION OF VITAMIN E IN BLOOD* 


By P. P. NAIR¢t ano N. G. MAGAR 
(From the Department of Biochemistry, the Institute of Science, Bombay, India) 


(Received for publication, August 29, 1955) 


A new colorimetric method for the estimation of vitamin E has been 
reported earlier (1). The method was found to be simpler than the ones 
already known, with the added advantages of having greater specificity 
and ease of operation. In the present investigation, this procedure has 
been adapted to the estimation of vitamin E in blood plasma or serum. 
The sensitivity has been considerably enhanced, permitting the estimation 
of 2 to 5 y of vitamin E. 


Materials and Methods 

Reagents— 

1. 5 per cent aqueous sodium hydroxide. 

2. Petroleum ether (60—100°) purified according to the method of Mahon 
and Chapman (2). 

3. Absolute alcohol purified by distillation from a flask containing KOH 
and KMn(Q, (20 gm. per liter of each). 

4. Standard solution of pure dl-a-tocopherol (Hoffmann-La Roche)! con- 
taining 5 y per ml. in purified petroleum ether. 

5. Color reagent, 0.394 gm. of phosphomolybdic acid? per 100 ml. of 
glacial acetic acid.’ 

6. Blood pipettes, 1 and 2 ml. 

7. Beckman model DU quartz spectrophotometer with Corex absorption 
cells of 1 cm. light path. 

8. Separating funnels, 25 ml. capacity. 

9. Centrifuge to hold Pyrex test-tubes 6 X 5/8 inches. 

Oxalated or whole blood is taken in Pyrex test-tubes 6 X 5/8 inches 
and centrifuged for 20 minutes at 2000 r.p.m. 1 or 2 ml. of serum or 
plasma and 0.5 ml. of 5 per cent aqueous sodium hydroxide are pipetted 
into a Pyrex test-tube and shaken well so that any esters of vitamin E, if 


* A preliminary report was presented at the Forty-second session of the Indian 
Science Congress, January, 1955, at Baroda, India. 

+ Fellow of the Raptakos Medical Research Board. 

1 The authors wish to thank Hoffmann-La Roche, Inc., Basel, Switzerland, and 
their agent Voltas, Ltd., India, for the generous gift of authentic samples of pure 
dl-«-tocopherol used in this work. 

?B.D.H. analar, mol. wt. 3940.8. 

3 Merck’s reagent grade, code No. 60. 
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present, may be saponified. The tubes are set aside for 6 hours, at the 
end of which time the solution is diluted with 10 ml. of distilled water, 
transferred to a 25 ml. separating funnel, and extracted twice with pe- 
troleum ether, 5 ml. each time. The petroleum ether extracts are com- 
bined and washed with distilled water until the washings are free of alkali 
as indicated by an absence of color with phenolphthalein. 

The petroleum ether solution is transferred to a Pyrex test-tube con- 
nected to a vacuum line. Under partial vacuum the solvent is carefully 
removed to dryness. 

To the residue in the test-tube is added 1 ml. of the phosphomolybdic 
acid reagent. Exactly 5 minutes after the addition of the phospho- 
molybdic acid reagent, the solution in the test-tube is diluted with 3 ml. 
of purified ethyl alcohol. The solution is well shaken and the color density 
is read in a Beckman model DU quartz spectrophotometer at 725 my‘ with 
Corex absorption cells and distilled water as a reference blank. 

A standard® containing 5 y of tocopherol is treated simultaneously as 
stated above and the readings are taken against a reagent blank at the 
same wave-length. 


Results 


Twenty-five samples of normal human blood serum® were analyzed for 
vitamin E content and the values obtained ranged between 0.361 and 
0.412 mg. per 100 ml. Recovery experiments were conducted on rat blood 
serum. The amounts of vitamin E added ranged from 4 to 10 y per ml. 
of serum. The recoveries averaged 98 per cent. 


DISCUSSION 


In this paper a simplified procedure is described and the values obtained 
are in close agreement with the figures reported by previous methods (3). 

The addition of alkali to the serum has been considered necessary, for 
the reason that the chromogenic reagent used in the present method is 
inactive with the esters of vitamin E present, if any. 

The experimental evidence from studies conducted on the phospho- 
molybdie acid-vitamin E reaction indicates that it is one involving a spe- 
cific complex formation at very low pH. The mechanism of the reaction 
has been worked out, the details of which will be published elsewhere. On 


4 The absorption spectrum of the phosphomolybdic acid-vitamin E complex has 
been determined in the visible region, and the maximum was observed at 725 mu. 

5 The standard is always prepared with free a-tocopherol, as the reaction with 
phosphomolybdic acid is absent with the esters of a-tocopherol. 

6 We are indebted to Dr. M. D. Pathak and Dr. L. Marquis, of the B. Y. L. Nair 
Hospital and the National Medical College, Bombay, for the blood samples, 
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this basis it is felt that interference due to other reducing non-tocopherol 
components can be ruled out. 

The present procedure was found to be free from interference owing to 
vitamin A, calciferol, cholesterol, and carotenoids (1). Under the condi- 
tions prescribed and with the given volumes and concentrations the method 
was found to be highly sensitive. Ease of operation and simplicity of color 
reagent aided in considerable saving in time required for individual assays. 


We are greatly indebted to the Raptakos Medical Research Board for 
a research grant and a fellowship to one of us (P. P. N.) 


SUMMARY 


A new color reaction between phosphomolybdic acid and vitamin E has 
been used in developing a method for the estimation of blood vitamin E. 

The method is highly sensitive and specific, concentrations up to 2 y per 
ml. being estimated with ease and simplicity. 
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THE INCORPORATION OF SERINE-3-C" INTO 
CITROVORUM FACTOR* 


By V. M. DOCTOR anp JORGE AWAPARA 


(From the Section of Experimental Medicine and the Department of Biochemistry, 
The University of Texas, M. D. Anderson Hospital 
and Tumor Institute, Houston, Texas) 


(Received for publication, September 19, 1955) 


The presence in rat and chick liver of an enzyme system converting 
pteroylglutamic acid (PGA) to citrovorum factor (CF) has been reported 
(1-5). The importance of this enzyme system has become evident in 
recent years in that reports have appeared indicating an involvement of 
folic acid derivatives in the interconversion of serine and glycine (6-8) and 
in the biosynthesis of purines (9, 10). Addition of serine, homocysteine, 
and Mg** enhances the conversion of PGA to CF by chick liver fractions 
(3). Incubation of freshly prepared extracts of chick liver acetone pow- 
der with PGA, homocysteine, serine-3-C“, Mgt+, and diphosphopyridine 
nucleotide (DPN) results in the formation of labeled CF as one of the 
radioactive components of the incubation mixture (11). 

The present report is concerned with the separation and identification 
of the enzymatically synthesized, labeled CF. 


EXPERIMENTAL 


Factors Affecting Conversion of PGA to CF by Chick Liver Acetone Powder 
Extracts—Straight run (New Hampshire males X single comb white Leg- 
horn females) cross-bred chicks of 10 to 12 weeks of age were used for the 
source of liver throughout the experiments. The diet used consisted of 
Purina Startena (Ralston Purina Company), supplemented by 10 mg. of 
PGA and 30 ¥ of vitamin By: per kilo of diet. Chick liver acetone powders 
were prepared by the procedure previously reported (3). A weighed por- 
tion of the acetone powder was homogenized with 0.08 m sodium potassium 
phosphate buffer, pH 6.6, and centrifuged. 7 ml. aliquots of the clear 
supernatant solutions (equivalent to 1 gm. of the chick liver) were used 
for PGA to CF conversion studies, as described before (5). The samples 
were incubated at 37° under nitrogen for 3 hours. At the end of the in- 
cubation period the incubation mixtures were neutralized to pH 6.8 and 


* This work was supported in part by a grant from the American Cancer Society. 
Folic acid and leucovorin were generously supplied by the Lederle Laboratories Di- 
vision, American Cyanamid Company, Pearl River, New York. We wish to thank 
Dr. Sigmund F. Zakrzewski for information concerning the Dowex 1-acetate ion ex- 
change studies. 
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autoclaved for 30 minutes at 120°. After cooling, the samples were homog- 
enized in a Waring blendor, made up to volume, filtered, and the filtrate 
was assayed. The CF content of the liver samples was determined by 
using the Bacto-CF assay medium (Difco Laboratories, Inc.). Leuconostoc 
citrovorum ATCC 8081! was used as the test organism, and leucovorin 
(Lederle) was employed as the standard. The cultures were incubated 
for 48 hours at 37°, and growth was measured by turbidimetric procedure. 


TABLE I 


Effect of Various Substances on Enzymatic Conversion of PGA to CF by 
Chick Liver Acetone Powder 











Additions* 
CF synthesized 
roa | ™meor Serine Mg*+ DPN ATP Formate 
y per gm. liver 
- - _ _ - _ ~ 0.7 
~ + ~ - ~ ~ - 47.6 
~ - + + + - - 43.9 
+ ~ + . - - - 37.9 
~ + ~ - - ~ - 28.4 
+ + - - - - - 18.5 
+ - - - — ~ _ 7.2 
+ - - + a a + 13.0 
+ + - + + - + 7.8 
+ + - + - - + 10.2 
+ + - - - - + 17.6 
+ - - - - - + 7.9 


























*7 ml. of freshly prepared acetone powder extract in 0.08 m sodium potassium 
phosphate buffer, pH 6.6, 100 y of PGA, 5 mg. of homocysteine, 10 mg. of serine, 10 
mg. of magnesium chloride, 2 mg. of DPN, 2 mg. of ATP, and 10 mg. of formate; total 
volume,8ml. Flasks were incubated under N; for 3 hours at 37° and were later auto- 
claved at 120° for 30 minutes. 


Since leucovorin has been reported to be half as active as the CF isolated 
from a horse liver (12), the microbiological assay values are divided by 2 
in order to express the results in terms of the naturally occurring CF. 
The effect of formate, formaldehyde, serine, homocysteine, Mg**, ade- 
nosine triphosphate (ATP), and DPN on PGA to CF conversion by the 
acetone powder extracts was studied (Table I). The conversion was opti- 
mal in the presence of homocysteine, serine, Mg++, DPN, and ATP. The 
1 A recent report by Felton and Niven (13) concerning a taxonomic study on the 


culture L. citrovorum ATCC 8081 suggests that the latter organism is a typical strain 
of Pediococcus cerevisiae, as described earlier by Pederson (14). 
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CF synthesized by the latter procedure was tested for stability to oxygen, 
heat, and pH changes (Table II). 

Chromatographic Analysis of CF—7 ml. of the acetone powder extracts, 
prepared as described above, were incubated with 100 y of PGA, 5 mg. of 
homocysteine, 10 mg. of magnesium chloride, 2 mg. of DPN, 2 mg. of 
ATP, and serine-3-C™ (10 uwmoles; 1.45 X 10’ ¢.p.m.). After incubation 
for 3 hours at 37°, the mixture was neutralized, heated at 120° for 30 
minutes, cooled, homogenized with 15 ml. of water, and centrifuged. The 
clear supernatant solution was decanted and concentrated under nitrogen 
to about 2 ml. The solution, which contained 30 y of CF, was chroma- 
tographed in a Dowex 1 column in the acetate form (200 to 400 mesh). 
A column, 10 X 1 cm., was used. After washing the resin with 0.5 m 











TABLE II 
Stability of Enzymatically Synthesized CF 
pH of CF-containing filtrates 
Treatment , 
3 7 | 9.5 
Sn ANG, S WEB. oo 5. 5 ek vc cn cei ecw 740 890 875 
Autoclaved 15 mins., 120°.................. 50 850 850 











The incubation mixture was neutralized, made to 100 ml. with water, homoge- 
nized, and filtered. 2 ml. aliquots of the filtrates were adjusted to pH 3, 7, or 9.5, 
and air was bubbled through it or autoclaved. The treated samples were adjusted 
to pH 6.8 and assayed for CF. The values are given in millimicrograms of CF re- 
covered. 


acetate buffer, pH 4.7, the sample was transferred to the column. The 
CF was eluted from the resin with acetate buffers (0.5 m, 1.0 m, and 1.5 m, 
in that order), pH 4.7. Fractions of 6 ml. were collected in automatic 
fraction collectors. The fractions were assayed for CF activity by the 
usual procedure. 

The fractions containing CF were desalted by the following procedure: 
The pH was adjusted to 3.0, and the solution drawn through a 4 X 1 cm. 
column of Dowex 50 X 8 in the H+ form. The column was washed with 
water until the eluates were neutral. CF was then eluted from the column 
with 15 ml. of 2 Nn NH,OH. The eluates from the individual fraction 
were then evaporated in a water bath under a stream of nitrogen, trans- 
ferred to planchets, and counted directly with an automatic flow counter 
(Tracerlab SC-50). A sample of leucovorin (Lederle) was used as reference 
(Fig. 1). 

Paper Chromatography—In a separate experiment, an aliquot of the CF- 
containing eluate from the Dowex 1l-acetate ion exchange column was 
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desalted by the charcoal adsorption and elution method described by 
Zakrzewski and Nichol (15). The charcoal eluate containing 8 y of CF 
DOWEX-I- ACETATE 


o——-o-—-—0 CF (LEUCOVORIN) 
o-----0------« CF (SYNTHESIZED) 
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Fie. 1. Comparison of Dowex 1-acetate ion exchange chromatography of leuco- 
vorin and the enzymatically synthesized CF. The reaction mixture for the latter is 
described in the text. The fractions were desalted by Dowex 50 prior to preparation 
for radioactivity measurements. 
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Fic. 2. Comparison of paper strip chromatographic analysis of leucovorin and 
the enzymatically synthesized CF. Chromatographic solvent, wet symmetrical 


collidine; per cent transmission denotes turbidity measurements for the growth of 
L. citrovorum 8081. 


activity was concentrated to 1 ml. in a water bath under a stream of nitro- 
gen and chromatographed on Whatman No. 1 filter paper. 50 ul. (con- 
taining 400 mygm. of CF) of the samples were streaked individually on 
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46 X 10 cm. paper strips and developed by an ascending technique by two 
separate solvent systems as follows: (a) wet symmetrical collidine and (b) 
a mixture of 50 per cent ethanol, 15 per cent n-butanol, 10 per cent am- 
monia, and 25 per cent water. Control strips streaked with 50 yl. (800 
myugm.) of leucovorin were simultaneously developed by the two solvent 
systems. In all instances, the strips were air-dried and two 0.5 cm. strips 
were cut lengthwise. One of these was analyzed by bioautography on 
nutrient agar seeded with L. citrovorum' according to the procedure of 
Doctor and Couch (16), and the other was cut into 0.5 em. squares and 
tested individually by a microbiological procedure for CF activity. The 
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Fig. 3. Comparison of paper strip chromatographic analysis of leucovorin and 
the enzymatically synthesized CF. Chromatographic solvent, 50 per cent ethanol, 
15 per cent n-butanol, 10 per cent ammonia, and 25 per cent water; per cent trans- 
mission denotes turbidity measurements for the growth of L. citrovorum 8081. 


latter is expressed in Figs. 2 and 3 as per cent transmission. The remaining 
portion of the paper strips were cut into 0.5 X 9 cm. pieces and eluted with 
water. The eluate was concentrated, put on planchets, dried, and counted 
directly with a windowless flow counter (Tracerlab SC-16). 


RESULTS AND DISCUSSION 


It is apparent from the results of Table I that optimal formation of CF 
by freshly prepared extracts of chick liver acetone powder requires the 
addition of PGA, homocysteine, serine, Mg++, DPN, and ATP. On the 
other hand, when formate or formaldehyde? is substituted for serine as a 
possible ‘‘l-carbon donor,” the conversion of PGA to CF is much less 
efficient in spite of added homocysteine, Mg++, DPN, and ATP. The 


2 Doctor, V. M., unpublished data. 
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results in Table II indicate that the CF synthesized by the chick liver 
acetone powder extract exhibits properties similar to leucovorin with re- 
gard to stability to heat, acid, and alkali (17). 

The relationship between the CF content of the various fractions col- 
lected from the Dowex l-acetate ion exchange column and the amount of 
radioactivity in the individual fractions is plotted in Fig. 1. It is apparent 
that the fraction containing maximal CF also contains maximal counts per 
minute. Also, the fraction containing maximal CF is obtained at the 
same elution stage for both the control leucovorin run and the enzymati- 
cally synthesized CF. This would suggest that the CF synthesized by 
the enzyme system may be identical to leucovorin and that the serine 
8-carbon is incorporated into the CF during the incubation period. This 
is also suggested by the results of studies utilizing paper chromatography. 
The growth of L. citrovorum 8081 and counts per minute per fraction are 
plotted against the distance moved on the paper strip (Figs. 2 and 3). 
It may be noted that the fraction giving the maximal growth of the or- 
ganism is obtained at the same distance on the paper strip for both the 
control leucovorin strip and the enzymatically synthesized CF. Further- 
more, the fraction containing maximal counts per minute was obtained at 
the same place as the one giving maximal growth of the organism (Figs. 2 
and 3). Results of the analysis by bioautography also indicated that the 
CF synthesized by the ezyme system moved on paper strips the same dis- 
tance as the control leucovorin strips. 

The components required for the optimal conversion of PGA to CF by 
chick liver acetone powder extracts include PGA, homocysteine, serine, 
Mg**, DPN, and ATP. Under these conditions the serine 6-carbon is 
incorporated into CF. The reports by Blakley (6) and by Kisliuk and 
Sakami (7) indicate the possible formation of a hydroxymethy] tetrahydro- 
pteroylglutamic acid (tetrahydro PGA) as an intermediate in the conver- 
sion of serine to glycine by pigeon liver extracts. Since tetrahydropteroyl- 
glutamic acid is postulated as an intermediate in the conversion of PGA 
to CF (6, 10), it is conceivable that in the present enzyme system serine 
may supply a hydroxymethyl! group to tetrahydro PGA and form a hy- 
droxymethyl tetrahydro PGA. The latter may then be oxidized by a 
DPN- ora triphosphopyridine nucleotide-dependent enzyme system to the 
formyl tetrahydro PGA. In the present studies the chick liver acetone 
powder extracts convert PGA to a compound which upon heating gives an 
increased formation of CF. Similar increase in CF formation by heat has 
been reported (18) in the conversion of PGA to CF by a suspension of an 
A-Methopterin-resistant strain of Streptococcus faecalis, by a preparation 
of pigeon liver and chick liver supernatant solution.2 It may be noted 
that N'°-formyl tetrahydro PGA is also reported to undergo a rearrange- 
ment upon autoclaving with the formation of CF (17). Furthermore, 
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both the precursor of CF synthesized by the enzyme system and N’°- 
formyl tetrahydro PGA are labile to oxygen and can yield CF under 


Serine 8-carbon 


1 


PGA = PGAH, = Hydroxymethyl-PGAH, 


| 


N?°-formyl PGAH, 


A 
Rearrangement 


CF 


anaerobic conditions. This would indicate that hydroxymethy] tetra- 
hydro PGA may be first converted to N'°-formyl tetrahydro PGA which, 
upon autoclaving, may form CF. The accompanying tentative scheme 
for the mechanism of conversion of PGA to CF by chick liver acetone 
powder extract is presented. 





SUMMARY 


Addition of homocysteine, serine, Mg++, DPN, and ATP enhances the 
conversion of PGA to CF by freshly prepared extracts of chick liver 
acetone powder. Under these conditions, addition of serine-3-C™ results 
in the incorporation of the serine 8-carbon into CF. The enzymatically 
synthesized CF exhibits properties similar to leucovorin. 
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INFLUENCE OF 1,2-ALKANEDIOLS ON GROWTH OF 
LACTOBACILLUS CASEI 280-16* 
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(From the Chemical Laboratory, University of California, Los Angeles, California) 
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An initial investigation of the requirements of Lactobacillus casei 280-16 
for D-a-hydroxy fatty acids (1) revealed that, whereas a,§-unsaturated 
acids (acrylic, cinnamic, and crotonic acids), 8-hydroxy acids (6-hydroxy- 
butyric acid), and a-keto acids (phenylpyruvic, pyruvic, and a-ketobutyric 
acids) were nutritionally inactive, the corresponding p- or pL-a-hydroxy 
acids were highly active in this respect. It was further established that 
the entire homologous series of pL-a-hydroxy acids up to and including 
pL-a-hydroxymyristic acid (all but those of 7, 9, 11, and 13 carbon atoms 
were tested) was nutritionally active for L. casei 280-16 and that inactiv- 
ity of longer chain pL-a-hydroxy acids was probably due to their failure 
to penetrate the cell wall (1). 

Studies of additional a-hydroxy acid analogues have now been made, 
and of the compounds thus far tested the 1 ,2-alkanediols have yielded the 
most interesting results. These products are derivable from a-hydroxy 
acids by reduction and may be considered as a-hydroxy acid analogues in 
which the carboxyl group has been reduced to a hydroxylated carbon. 
Results of experiments concerning the effects of these analogues on growth 
of L. casei 280-16 are presented in this report. 


EXPERIMENTAL 


The assay medium and procedure were the same as those described 
previously (1), except for minor modifications as indicated. A freshly 
purified strain of L. caset 280-16 was employed in obtaining the data to 
be presented, although the original stock culture (2) yielded essentially 
the same results in preliminary experiments. The procedure employed in 
purification of the strain and the importance of such purification have 
been reported previously (3). 

Samples of 1 ,2-p-tetradecanediol, | ,2-p-hexadecanediol, and 16-methyl- 
1 ,2-p-heptadecanediol were obtained through the courtesy of Dr. D. H. 
S. Horn, National Chemical Research Laboratory, Pretoria, South Africa. 
1 ,2-pt-Octanediol, 1,2-pi-decanediol, 1 ,2-pi-dodecanediol, 1 ,2-p1L-tetra- 

* Paper 110. This work was aided by grants from the Fli Lilly Company, the 


Nutrition Foundation, Inc., Swift and Company, and the University of California, 
The authors are indebted to Miss Lynn Wyler for technical assistance, 
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decanediol, 1,2-pi-hexadecanediol, and 1,2-pt-octadecanediol were pre- 
pared from 1-olefins of corresponding chain length, as described by Swern 
et al. (4); the latter compounds were products of the Matheson Company, 
Inc., except for those of 8 and 10 carbons, which were products of Hum- 
phrey-Wilkinson, Inc. Analytical data for the synthetic 1,2-alkanediols 
are presented in Table I. 

Stock solutions of the diols in ethanol were diluted for assay by adding 
measured amounts of the solutions to large volumes of water containing 
approximately 15 mg. per cent Tween 40 (Atlas Powder Company product) 
as a dispersing agent, and diluting in a volumetric flask to the desired con- 
centration. The resulting test solutions, containing 12 mg. per cent Tween 
40 and 5.75 per cent ethanol, were added to the assay tubes in volumes 
ranging from 0.2 to 1.0 ml. per tube, and the volume was brought to 1.0 


TABLE I 
Carbon and Hydrogen Content of 1,2-pi-Alkanediols 





Per cent carbon Per cent hydrogen 














Sample | = | — 

| Calculated | Found | Calculated Found 
Octadecanediol............ | 75.46 | 75.51 | 13.37 13.38 
Hexadecanediol............ 74.36 74.19 13.26 13.30 
Tetradecanediol.......... 72.98 | 73.36 13.13 13.23 
Dodecanediol... . 71.23 68.39 | 12.95 12.52 
ai ssc ainy'k sp / 68.91 67.89 | 12.72 12.61 
Octanediol.......... inal 65.71 | 65.61 12.41 12.70 








ml. per tube by the addition of appropriate amounts of a “blank” solution, 
similarly containing 12 mg. per cent Tween 40 and 5.75 per cent ethanol. 
After adding 2.0 ml. of test medium (1.5 X final concentration and con- 
taining neither Tween 40 nor ethanol) per tube, the final concentrations 
of Tween 40 and ethanol were fixed at 4 mg. per cent and 1.9 per cent, 
respectively, while the test concentrations of the 1,2-alkanediols varied 
from 0.4 to 500 mumoles per ml. pt-Lactic acid was added to the medium 
at a final concentration of 400 mumoles per ml. in experiments designed to 
reveal inhibitory, rather than growth-promoting, effects of the diols. The 
test cultures were incubated at 35° for periods ranging from 14 to 40 hours. 


RESULTS AND DISCUSSION 


Activity of the 1 ,2-alkanediols was found to be markedly dependent upon 
chain length. The diols of 8-, 10-, 17-, and 18-carbon chain length were 
essentially inert, whereas those of intermediate chain length (12, 14, and 
16 carbons) either produced marked inhibitory effects or promoted growth 
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to a considerable extent. Growth responses to 1,2-pi-hexadecanediol 
(Curve a), 1,2-pL-tetradecanediol (Curve b), and 1,2-p13-dodecanediol 
(Curve c) are presented in Fig. 1. The 12-carbon diol (Curve c) at con- 
centrations below 200 mumoles per ml. was nearly as effective in promoting 
growth as was pL-lactic acid (Curve d), but growth promotion was offset 
by inhibitory effects at higher concentrations. 1,2-p1-Tetradecanediol 
(Curve b) promoted growth to a considerable extent (this was much more 
marked with longer incubation), and 1,2-pi-hexadecanediol (Curve a) 

















i] ; | if i T T 
25 50 200 400 25 50 200 400 
Fig. 1 Fig. 2 


Fig. 1. Response (18 hours) of L. casei 280-16 to 1,2-pL-hexadecanediol, Curve a; 
1, 2-pL-tetradecanediol, Curve b; 1,2-pu-dodecanediol, Curve c; and pL-lactic acid, 
Curve d. The values on the vertical scale represent the growth response (acid pro- 
duction) calculated as ml. of 0.01 n NaOH required to neutralize 1 ml. of test culture. 
The values on the horizontal scale represent the substrate concentrations in milli- 
micromoles per ml.; a change in scale at 50 mumoles per ml. is designated by the bro- 
ken line. 


Fig. 2. Same as Fig. 1, except that 400 mumoles of pi-lactic acid per ml. were in- 
cluded in the medium, the incubation time was 14 hours, and Curve d was omitted. 


failed to promote growth. The simultaneously determined responses to 
the 8-, 10-, and 18-carbon diols revealed these compounds to be practically 
inert (neither promoting nor inhibiting growth), although 1 ,2-pL-decane- 
diol promoted a small growth response (data not shown). In other experi- 
ments, 16-methyl-1 ,2-p-heptadecanediol appeared to be likewise inactive 
(data not given). The inhibitory effects of the 16-, 14-, and 12-carbon di- 
ols in media which contained pt-lactic acid (40 wmoles per cent) are shown 
in Fig. 2, Curves a, b, and ¢, respectively. 1 ,2-pt-Dodecanediol (Curve c) 
had a much lower inhibitory potency than either the 14- or 16-carbon 
diols (Curves b and a), 50 per cent inhibition being effected at approxi- 
mately 280, 23, and 6 mumoles per ml., respectively, by these three com- 
pounds. 1,2-p1-Tetradecanediol displayed the remarkable effect of pro- 
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moting increased growth at increasing concentrations above those 
(approximately 30 to 160 mumoles per ml.) which effect complete inhibition 
(Curve b), whereas 1,2-pi-hexadecanediol (Curve a) was completely 
inhibitory at all concentrations above 10 mumoles per ml. Increasing the 
lactic acid content of the medium (up to 2000 mumoles of p-lactic acid per 
ml.) did not appreciably affect the inhibition due to the 16-carbon diol, 
but erratic growth at elevated 1,2-pi-hexadecanediol concentrations ap- 
peared after prolonged incubation (Fig. 3). The erratic response in this 
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Fig. 3. Response of L. casei 280-16 to 1,2-pi-hexadecanediol in medium contain- 
ing 200 mumoles of D-lactic acid per ml. The lower through upper response curves 
resulted with 16, 24, 40, 48, and 64 hours incubation, respectively. The coordinates 
are on the same bases as those in Fig. 1. 

Fic. 4. Response (16 hours) of L. casei 280-16 to 1,2-pu-hexadecanediol, Curve a; 
1,2-p-hexadecanediol, Curve a’; 1,2-pL-tetradecanediol, Curve b; and 1,2-p-tetra- 
decanediol, Curve b’, in medium containing 400 mumoles of pt-lactic acid per ml. 
The coordinates are on the same bases as those in Fig. 1. 


case suggests that growth at toxic concentrations of the diol is due to 
resistant mutants which appear earlier in some tubes than in others, al- 
though attempts to isolate such mutants have not yet been made to test 
this point. 

A comparison of the effects of the optically active 14- and 16-carbon diols! 
with those of the corresponding racemic compounds revealed a marked 
degree of optical specificity (Figs. 4 and 5). Inhibition by 1,2-p-tetra- 
decanediol (Fig. 4, Curve b’) followed closely that of 1 ,2-pi-tetradecane- 
diol (Curve b) with concentrations up to 26 mumoles per ml., but 1 ,2-p- 

' The 1,2-alkanediols occurring naturally in wool wax have been shown to be of 


the same configuration as the wool wax a-hydroxy acids (5), which were subsequently 
found to be of the p configuration (6). 
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e tetradecanediol at concentrations higher than 26 mumoles per ml. (the 
n values represented in Fig. 4 are 35 and 44 mymoles per ml.) was progres- 
y sively less inhibitory, whereas the racemic diol was completely inhibitory 

in the range between 40 and 160 mumoles per ml. 1 ,2-p-Hexadecanediol 
r inhibition likewise followed closely that of the synthetic diol at concentra- 
L, tions up to 60 myumoles per ml., but further increases in concentration 
\- effected progressively less inhibition, and the highest concentrations tested 
is (181 to 412 myumoles per ml.) were virtually non-inhibitory. Qualita- 


tively, therefore, the response to 1 ,2-p-hexadecanediol in lactic acid-supple- 
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Fig. 5. Same as Fig. 4, except that lactic acid was omitted from the medium and 
es 


the incubation time was increased to 40 hours. Curve c is the control response to 
pL-lactic acid. 


i Fig. 6. Response (18 hours) of L. casei 280-16 to 1,2-pi-dodecanediol, Curve a; 


- 1,2-pL-tetradecanediol, Curve b; and 1,2-p-tetradecanediol, Curve b’, inethanol-free 

i. medium supplemented with 400 mumoles of pt-lactic acid per ml. The coordinates 
are on the same bases as those in Fig. 1. 

to mented medium was similar to the response to 1,2-p1-tetradecanediol. 

l- The latter compound, however, promoted growth of L. casei 280-16 in 

st 


lactic acid-free medium (Figs. 1 and 5), whereas 1 ,2-p-hexadecanediol did 
not promote growth in lactic acid-free medium even with incubation 
is! periods of up to 40 hours (Fig. 5). 








ad The excessively high ‘blank’ titration apparent in Fig. 5 (40 hours 
a- incubation), amounting to nearly half maximal growth, was found sub- 
it sequently to be due to the ethanol present in the assay medium (see ‘“Ex- 
ail perimental’). Ethanol in concentrations up to 5 per cent (higher con- 
of centrations were inhibitory) was found to have a nutritional activity 
ly approximately 1/16,000th that of p-lactic acid. This extremely low activity 

is comparable with (but somewhat less than) that of pt-alanine (2). Nei- 

UK 
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ther the activity of ethanol nor that of alanine was significantly altered by 
varied and exhaustive purifications of these compounds (unpublished data). 

Ethanoi also appeared to have the effect of markedly enhancing the re- 
sponse to the 1,2-tetradecanediols, since 18 hour inhibition and 40 hour 
growth promotion by these products were almost entirely lacking in etha- 
nol-free medium (Figs. 6 and 7, Curves b and b’). The data for 1,2-p- 
tetradecanediol, which was entirely inactive in ethanol-free medium (tested 
at concentrations up to 128 myumoles per ml.), were excluded from Fig. 7 
to avoid a confusion of overlapping curves. Response to 1 ,2-pi-dodecane- 
diol, on the other hand, was apparently not significantly affected by 
eliminating ethanol from the medium (Figs. 6 and 7, Curve a). The 
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Fig. 7. Same as Fig. 6, except that lactic acid was omitted from the medium and 
the incubation time was increased to 40 hours. The response to 1,2-p-tetradecane- 
diol was negligible and its response curve was deleted to avoid confusion of curves. 
Curve c¢ is the control response to pt-lactic acid. 


effects of ethanol have not as yet been sufficiently well studied to allow 
probably accurate conclusions to be reached; further work in this direction 
is planned for the future. 

It is not certain that the marked inhibitions effected by the 12-, 14-, 
and 16-carbon 1 ,2-alkanediols are due to interference with a-hydroxy fatty 
acid metabolism, but such a conclusion is suggested by the facts that (a) 
these inhibitors are a-hydroxy acid analogues, that (b) the 12- and 14-carbon 
diols, under appropriate conditions, replace a-hydroxy fatty acids in pro- 
moting growth, and that (c) the inhibitions are reversed by elevated con- 
centrations of the diols, themselves, in certain cases. The effects of 1 ,2-p- 
hexadecanediol as contrasted with those of 1,2-pL-hexadecanediol (Fig. 
4, Curves a and a’) suggest that (a) a “normal” metabolic pathway lead- 
ing to the formation of an essential substance is inhibited to approximately 
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the same degree by either the L- or the pL-1 ,2-hexadecanediol, that (b) 
an alternate metabolic pathway leading to the same product utilizes 1 ,2-p- 
hexadecanediol at relatively high concentrations as a precursor, thus 
accounting for the reversal of inhibition by this compound, and that (c) 
this alternate pathway is inhibited by 1 ,2-L-hexadecanediol, thus account- 
ing for the failure of 1 ,2-pi-hexadecanediol to reverse the inhibition. It 
is of considerable interest in this respect that 2-p,15-p, 16-trihydroxy- 
hexadecanoic acid,? which may be considered as a derivative either of 
| ,2-L-hexadecanediol or of D-a-hydroxypalmitic acid,’ has exceptionally 
great growth-promoting activity (details concerning work with this and 
related compounds are to be published elsewhere), suggesting that the 
hypothetical essential substance may be a compound of this type. The 
biosynthesis of such a compound, having the properties of a 1 ,2-alkanediol 
at one end of the molecule and those of an a-hydroxy acid at the other, 
might be expected to be either promoted or inhibited by either a-hydroxy 
acids or 1 ,2-alkanediols. That a-hydroxy acids as well as 1 ,2-alkanediols 
may have both inhibitory and growth-promoting effects has been indicated 
by the results reported for pL-a-hydroxymyristic acid (1). 

It must be admitted that conclusions regarding the metabolism of D-a- 
hydroxy fatty acids and related substances are thus far highly speculative 
and that the data presented here and in earlier reports (1-3) are more pro- 
ductive in posing questions than in answering them. It seems more and 
more likely, however, that a type of lipide metabolism is being dealt with 
here, one for which a fundamental approach has not previously been 
available. 


SUMMARY 


Effects of 1,2-p1i-octanediol, 1,2-pu-decanediol, 1 ,2-p1t-dodecanediol, 
1 ,2-p-tetradecanediol, 1 ,2-p-tetradecanediol, 1 ,2-pL-hexadecanediol, 1 ,2- 
p-hexadecanediol, 16-methyl-1 ,2-p-heptadecanediol, and 1,2-p1L-octadec- 
anediol on growth of Lactobacillus casei 280-16 have been determined 
under defined experimental conditions. 1,2-pi-Dodecanediol was mark- 
edly growth-promoting in hydroxy acid-free medium, except at excessively 
high concentrations at which inhibitory effects were observable in either 
hydroxy acid-free or supplemented media. 1,2-pi-Tetradecanediol and 
particularly 1,2-p-tetradecanediol promoted considerable amounts of 
growth in hydroxy acid-free medium, but growth was not promoted under 
these conditions by the 1,2-hexadecanediols. The 1 ,2-tetradecanediols 

* Obtained through the courtesy of Dr. R. U. Lemieux, National Research Lab- 
oratories, Saskatoon, Saskatchewan. 


3 A sample of this acid, kindly provided by Dr. D. H. 8. Horn, was found not to 
have appreciable growth-promoting activity. 
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and hexadecanediols were markedly inhibitory at low concentrations in 
medium supplemented with pt-lactic acid (as a source of essential a-hy- 
droxy acid). These inhibitions were remarkably self-reversing with 1 ,2- 
pL-tetradecanediol, 1 ,2-p-tetradecanediol, and 1 ,2-p-hexadecanediol, but 
not with 1,2-pi-hexadecanediol. Possible implications of these results 
were discussed. 
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Acetobacter suboxydans has a powerful system for the oxidation of ethanol 
to acetic acid, as might be expected from the fact that the acetic acid 
bacteria have long been used for the commercial production of vinegar. 

Alcohol dehydrogenase in soluble extracts has been found to be DPN- 
specific! (1). It has now been observed that either TPN or DPN can be 
used as coenzyme for the oxidation of acetaldehyde. The concentration 
of DPN needed for optimal activity is, however, much higher than that of 
TPN. In this paper, the oxidative behavior, purification, and properties 
of the enzymes are presented. 


EXPERIMENTAL 


The A. suboxydans cells were harvested and lyophilized as reported 
previously (1). Protein was determined in crude preparation by the usual 
biuret reaction or turbidimetrically after the addition of trichloroacetic 
acid. The spectrophotometric method of Warburg and Christian was em- 
ployed (2) with preparations that had Hos: E260 ratios of 1.6. Electro- 
phoreses were performed at 0° in a Perkin-Elmer Tiselius apparatus with a 
2 ml. cell by both cylindrical lens and Longsworth scanning methods. 

Materials—DPN and TPN were obtained commercially (Pabst; Sigma) 
either as the free acids or their sodium salts. The actual content was 
determined by use of crystalline yeast alcohol dehydrogenase for DPN 
and of purified glucose-6-phosphate dehydrogenase for TPN. A molar ab- 
sorbancy index of 6.22 X 10° was used to convert optical density to molar 
concentrations. AF 4 represents the optical density change at wave-length 
340 mu. 


* Supported by grants from the Nutrition Foundation, Inc., and the Division of 
Research Grants, National Institutes of Health, United States Public Health Serv- 
ice. Published with the approval of the Monographs Publications Committee, Re- 
search paper No. 289, School of Science, Department of Chemistry. Reported before 
the Third International Congress of Biochemistry, Brussels, August 1 to 6, 1955. 

1 The following abbreviations are used throughout this paper: ADH, crystalline 
yeast alcohol dehydrogenase; CoA, coenzyme A; DPN and DPNH, oxidized and re- 
duced diphosphopyridine nucleotide; EDTA (Versene), ethylenediaminetetraacetic 
acid; TPN and TPNH, oxidized and reduced triphosphopyridine nucleotide; Tris, 
tris(hydroxymethyl)aminomethane. 
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Acetaldehyde was redistilled from Eastman’s white label material. Solu- 
tions were standardized according to Tomoda (3). Standardizations were 
always made at two concentrations of any acetaldehyde solution. The 
results from two concentrations usually checked within 1 per cent, whereas, 
in our hands, the method reported by Donnally (4) gave poorer agreement 
at different levels of acetaldehyde. This was probably due to insufficient 
control of the pH of the solutions. 

ADH, twice crystallized and isolated from yeast according to Racker 
(5), was supplied by Dr. J. Wendell Davis. The sample was further re- 
crystallized twice from ammonium sulfate solutions. 

Glucose-6-phosphate dehydrogenase was prepared from brewers’ yeast by 
the method of Kornberg (6). 

Calcium phosphate gel, aged at least 6 months before use, was prepared 
according to Keilin and Hartree (7). 

Other chemicals were obtained commercially. 

“Standard Procedure” for Routine Assay and Definition of Units—All 
routine assays were made at room temperature (18-24°) in a Beckman 
spectrophotometer, model B, with 1 sq. em. Corex cuvettes. However, 
during prolonged operation, excess heating was partially overcome by 
insulating the housing with asbestos boards and by leaving the cover open 
between readings. 

Except when otherwise noted, the assay system contained 40 yumoles 
of Tris buffer, 40 umoles of EDTA, 2.2 mg. of crystalline bovine serum 
albumin, either 1.34 umoles of TPN or 12 umoles of DPN, and an appro- 
priate amount of enzyme; final volume 2.2 ml., pH 8.6. The reaction was 
initiated by the addition of 8 ymoles of CH;CHO. In determining ac- 
tivities with either TPN or DPN, a blank containing all constituents other 
than acetaldehyde was used. Blank values were usually less than 0.1 
per cent of the experimental values. In the DPN experiments a solution 
of DPN was used in place of water to adjust the zero reading of the spectro- 
photometer, since DPN itself showed considerable absorption at the high 
concentrations used. When the AE was less than 0.150, the reaction 
was strictly linear with time up to more than 4 minutes and directly pro- 
portional to the amount of the enzyme added. 

1 unit of enzyme was defined as that amount which caused a change in 
optical density of 0.001 (AZo = 0.001) per minute, calculated from the 
average of two cuvettes during the 2.5 minute period, between 30 and 180 
seconds after the addition of acetaldehyde. Specific activity was defined 
as the activity in units per mg. of protein. 

Spectrophotometric determinations in kinetic studies were made in a 
Beckman spectrophotometer, model DU, with a photomultiplier attach- 
ment. The slit opening was maintained at 0.1 mm. by adjustment of 
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the sensitivity control. Temperature control to +0.05° in the reaction 
mixture was effected by proper arrangement of double “Thermospacers”’ 
and by circulating liquids from a constant temperature bath supplied by 
the manufacturer together with an Aminco constant low temperature 
bath, model 486 E. Below room temperatures, the Aminco bath was used 
alone. Temperature equilibration usually required about 25 minutes. 


RESULTS AND DISCUSSION 
Oxidative Behavior of Acetaldehyde 


Acetaldehyde was oxidized by molecular oxygen either in the presence 
of resting cells or of the soluble or the insoluble (particulate) fractions of 
disintegrated cells (see Step 1A under “Purification of acetaldehyde de- 
hydrogenase”). Under these conditions no additional exogenous coenzyme 
was required. The activity of terminal oxidative enzymes was much lower 
than that of the primary dehydrogenases, so that, under the experimental 
conditions used, the reduction of pyridine nucleotides could be measured 
spectrophotometrically. 

When pyridine nucleotides were used as electron acceptors, it was found 
that both TPN and DPN were active. The concentration of DPN re- 
quired to show significant activity was, however, much higher than that 
of TPN (for example, Fig. 2, A and B). The apparent interchangeability 
of these coenzymes could be due to several possibilities: (a) pyridine nucle- 
otide transhydrogenase (8) might be present in the enzyme preparations; 
(b) TPN might be an impurity in the DPN samples used, and either might 
possess activity per se or feed the transhydrogenase reaction; (c) the pres- 
ence of two different enzymes; or (d) activity of both DPN and TPN for 
a single enzyme, as in lactic dehydrogenase (9). 

To test possibility (a), assays of pyridine nucleotide transhydrogenase 
activity were made with a mixture of 0.3 umole of TPNH, 10 umoles of 
DPN, and 1.7 mg. of enzyme (Step 2) in a 2 ml. volume. As determined 
with ADH, negligible amounts of DPNH were produced after 5 minutes 
incubation of the mixture followed by boiling. 

Commercial samples of DPN which were purified according to Kornberg 
and Pricer (10) still displayed the same activity. In addition, even com- 
mercial DPN did not oxidize glucose-6-phosphate in the presence of a 
purified yeast glucose-6-phosphate dehydrogenase, whereas the reaction 
proceeded immediately upon addition of TPN to the mixture. Finally, 
possibility (b) was ruled out in still another manner with DPN-specific 
yeast ADH, by quantitative estimation of DPNH formed in the oxidation 
of acetaldehyde by the A. suborydans enzyme. The remaining possibilities 
(c) and (d) are considered in later sections. 
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Purification of Acetaldehyde Dehydrogenase 


Soluble extracts prepared by either alumina grinding or sonic disinte- 
gration were active. After attempting various methods of protein frac- 
tionation, the following procedure was found to give about 100-fold con- 
centration. 

Step 1. Preparation of Soluble Extracts—Disintegration by alumina 
grinding has been described previously (1). 0.02 m phosphate buffer at 
pH 6.0 was used for extraction. Alternatively, 5 gm. of lyophilized cells 
were suspended in 50 ml. of the phosphate buffer in a Waring blendor. 
The mixture was treated in a Raytheon 10 ke. sonic vibrator at the maxi- 
mal power output, for 30 minutes net elapsed time. (A 1 minute interlude 
followed each 2 minutes vibration.) The apparatus was cooled by running 
tap water rapidly through the jacket. The outlet temperature was usu- 
ally below 8°. Several batches from the treatment were combined. The 
pooled mixture was centrifuged for 1 hour in a Spinco model L centrifuge 
with a rotor No. 30.2 at a speed of 25,000 X g. About 45 ml. of a clear, 
pink, viscous liquid were obtained from 5 gm. of cells. The protein con- 
tent and specific activity varied with the length of the disintegration and 
with each batch of cells, even when the conditions were controlled as rigidly 
as possible. As a rule, longer treatment yielded higher protein content in 
the extracts and less insoluble matter. However, no correlation was noted 
between the protein content and specific activities. Specific activities of 
the supernatant solutions from twenty-eight batches of alumina-ground 
and sonic-disintegrated cells varied from 500 to 2000 with TPN as coen- 
zyme and from 100 to 300 with DPN. 

A typical run from 15 gm. of lyophilized cells, in which the residue was 
reextracted in a Waring blendor with phosphate buffer, furnished 440 ml. 
of soluble extract, containing 20 mg. of protein per ml. 

Step 1A. Preparation of “Particulates”—In both sonic- and alumina- 
ground extracts, a pink layer was observed at the top of the pellet formed 
during centrifugation. This layer was carefully removed with a plastic 
spatula and suspended in 20 volumes of 0.02 m phosphate buffer, pH 6.0. 
The suspension was centrifuged for 30 minutes at 15,000 X g in a refrig- 
erated International No. 2 centrifuge. The upper, pink layer was again 
removed, suspended in buffer, and recentrifuged, and the process was again 
repeated. Complete separation from inorganic materials as well as from 
intact cells and soluble extract was achieved. The resulting pink solid, 
apparently homogeneous, was suspended in buffer and used within 24 
hours. It catalyzed acetaldehyde oxidation in air. 

Except as otherwise noted, all subsequent operations were performed at 
0-4°, with centrifugation being carried out in a refrigerated International 
No. 2 model, at about 3000 r.p.m. 
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Step 2. Protamine Precipitation—440 ml. of the liquid from Step 1 were 
treated with 52 ml. of 2 per cent protamine sulfate. The precipitation 
was always first carried out with a small aliquot in order to find the minimal 
amount of protamine required. The mixture was allowed to stand for 
30 minutes with occasional stirring and then centrifuged. The precipitate 
was discarded. 460 ml. of supernatant liquid were obtained with a protein 
concentration of 3.5 mg. per ml. 

Step 3. Ammonium Sulfate Fractionation—The supernatant liquid from 
the foregoing step was readjusted to pH 6.0 with saturated NasHPOQ,. 
Solid ammonium sulfate was added with slow stirring, and the fraction 
precipitating between 57 and 72 per cent saturation was retained. This 
fraction was then dissolved in 95 ml. of 0.02 m phosphate buffer, pH 6.0, 
and dialyzed against the buffer for about 12 hours. A small amount of 
precipitate that formed during the dialysis was removed by centrifugation. 
100 ml. of a clear solution were obtained with a protein concentration of 
2.8 mg. per ml. 

Step 4. Calcium Phosphate Gel Adsorption—49 ml. of calcium phosphate 
gel containing 8.0 mg. of solid per ml. were centrifuged. The solid was 
mixed with the product obtained from Step 3, stirred slowly for 20 min- 
utes, and centrifuged. 96 ml. of supernatant liquid were obtained with 
a protein concentration of 0.91 mg. per ml. 

The optimal ratio of protein to gel varied considerably among different 
samples from Step 3. It was necessary to determine the preferred amount 
of gel required in each experiment to produce the best concentration of the 
enzyme, usually about 3-fold. Larger amounts of the gel did not enhance 
the specific activity of the enzyme, but did impair the yield. 

Step 5. Acetone Fractionation—96 ml. of the effluent from the gel ad- 
sorption were cooled to —1°. 48 ml. of acetone at — 10° were added drop- 
wise with stirring. After an additional 30 minutes stirring, the precipitate 
was centrifuged at —6° and discarded. 32 ml. of cold acetone were added 
dropwise to 126 ml. of the supernatant liquid with stirring. The precipi- 
tate was centrifuged, retained, and dissolved in 0.02 m phosphate buffer 
at pH 6.0. A small amount of insoluble material was removed by centrifu- 
gation. The solution was dialyzed against the buffer for about 12 hours, 
and any precipitates formed during dialysis were centrifuged off. 16 ml. 


of clear solution were obtained with a protein concentration of 2.0 mg. per 
ml. 


2 The degree of ammonium sulfate saturation was calculated from the following 
equation: z = (50.6 (S. — 8,))/(1 — 0.2868.) modified from Kunitz (11) to give the 
saturation value at 0°. The derivation was made by employing 0.506 gm. of (NH4)>o- 


SO, per ml. as a saturated solution at 0°, and 0.565 ml. per gm. as the specific volume 
of solid salt. 
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Step 6. Second Ammonium Sulfate Precipitation—To 15 ml. of the 
acetone fraction, solid ammonium sulfate was added slowly to 60 per cent 
saturation. A small amount of precipitate was centrifuged off and dis- 
carded. 5 ml. of saturated ammonium sulfate in 0.02 m phosphate buffer 
at pH 6.0 were added to 15 ml. of the above supernatant liquid over a 2 
hour period. The precipitate was collected, dissolved in the buffer, and 
dialyzed against the buffer for 8 hours. The resulting volume was 5.6 
ml., with a protein concentration of 3.35 mg. per ml. 

This step was made in an attempt to crystallize the enzyme. Many 
variations in operation were used, but no indication of crystallization could 
be observed. All treatments were carried out at 0°, since thermal de- 























TABLE I 
Purification of Acetaldehyde Dehydrogenase from A. suboxydans 
TPN DPN 
‘ Activity 
Fraction 
Specifi ; Specifi ; ratiot 
activity Yield activity* Yield 
per cent per cent 
PI ens cecines 6055 siesta ss 1,100 | 170 6.5 
“ 2, protamine supernatant liquid..... 4,600 | 76 800 | 86 5.8 
“ 3, Ist (NH4).SO, fraction............ 15,000 57 3,800 | 84 4.0 
SINE socio s 5 dion is Gore edswiv 42,000 | 87 | 11,500 | 97 3.6 
“ 5, acetone fraction.................. 81,000 | 70 | 18,400 | 57 4.4 
“ 6, 2nd (NH,).SO, fraction........... 108 ,800 | 84 | 25,000 | 85 4.1 








* Units per mg.; assayed by ‘‘standard procedure”’ (see ‘‘Experimental’’). 
+ Activity ratio, (specific activity with TPN/specific activity with DPN). 


naturation at this step was found to be very great. Higher temperature 
might induce easier crystallization. 

An electrophoretic pattern of this sample in phosphate buffer, pH 6.0, 
at ionic strength of 0.1, showed not more than five peaks during 6 hours 
electrophoresis. The activity remained in the components with lower 
mobilities. No satisfactory methods were developed for the mechanical 
separation of components from the 2 ml. cell used. 

A summary of the specific activities and yields is presented in Table I. 
It should be mentioned that both yields and purity varied considerably 
among different batches of extracts. This variance was evidently due to 
the different degrees of disintegration of the cells, which at present cannot 
be quantitatively controlled. Likewise, the Ego: 250 ratios in the crude 
extract (Step 1) varied from batch to batch, although they became con- 
stant at 1,6 after Step 2. In general, the specific activity of the final 
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preparation was at least 70,000 with TPN and 20,000 with DPN. This 
value is considerably higher than any previously recorded for acetaldehyde 
dehydrogenases from yeast or liver (12-14). 

Two preparations gave specific activities as high as 140,000 with TPN 
and about 30,000 with DPN. However, the samples with lower specific 
activities were not improved by repeated treatment. 

Seegmiller’s TPN-linked aldehyde dehydrogenase from yeast (12) dis- 
played high affinity toward aluminum hydroxide gel at pH 5.3 in acetate 
buffer, with an increase in enzyme activity of about 3-fold by adsorption 
and subsequent elution with phosphate buffer, pH 7.1. However, the 
A. suboxydans enzyme was not adsorbed by alumina Cy even at a gel- 
protein ratio of 9:7 in dilute acetate buffers of pH 5.2 to 5.6 or in phos- 
phate buffer at pH 6.0. 

Attempted Separation of Activity with TPN from DPN—Ratios of specific 
activity with TPN compared to that with DPN (cf. Table I) in various 
fractions from the above procedure were not sufficiently different to tell 
whether one or two acetaldehyde dehydrogenases existed in the organism. 
The higher ratios in the early purification steps might have been due to 
the presence of DPN-linked alcohol dehydrogenase in the samples (1) or 
to unequal activities of DPNH and TPNH oxidases. However, after 
Step 3, negligible amounts of the alcohol dehydrogenase and pyridine 
nucleotide oxidase were found. 

Various methods were tried in order to separate one activity from the 
other. So far, these separations have been unsuccessful with the exception 
of zinc-ethanol fractionation (15, 16) described below. 

An extract from Step 1 (42 ml.) was passed through a Dowex 1 column 
of 2 X 30 cm. The combined volume of the effluent and washings was 
84 ml. To the solution were added 56 gm. of solid ammonium sulfate. 
After standing 20 minutes, the precipitate was collected by centrifugation, 
dissolved to 70 ml. with water, and dialyzed against water for 24 hours. 
Insoluble material was centrifuged off and discarded. The resulting vol- 
ume was 76 ml. (Fraction 1-A). 

43 ml. of Fraction 1-A were diluted to 155 ml. with water to give 3 mg. 
of protein per ml. 10 ml. of 0.02 m zinc acetate in 0.1 m sodium acetate 
were added. A small amount of precipitate was formed and removed by 
centrifugation. 12 ml. of 70 per cent alcohol at —5° were added in 5 
minutes to give an alcohol concentration of 4.8 per cent. The mixture 
was centrifuged immediately, and the supernatant liquid was retained for 
further treatment (see the next paragraph). The precipitate was sus- 
pended in 10 ml. of 0.01 m citrate buffer, pH 6.0. The mixture was di- 
alyzed against the buffer for 4 hours. The precipitate was collected by 
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centrifugation, then suspended in 12 ml. of 0.1 m Tris buffer at pH 8.4, 
and dialyzed against 0.01 m Tris buffer for 16 hours. The resulting solu- 
tion was clear (Fraction 1-B). 














TABLE II 
Zinc-Ethanol Fractionation of Acetaldehyde Dehydrogenase from A. suboxrydans* 
| | | 
| ‘ | Per cent 
Specific activity*| 
|Protein Total | Ratio eis ated : 
| TPN | DPN | TPN | DPN 
| “” af mil. | | 
Fraction 1-A (Dowex 1 effluent)........ 11 | 43 | 2100 | 500 | 4.2 
” 1-B (4.8% ethanol ppt.)......| 3.2} 14 | 0 54 | 0 10 
- 1-C (14% ethanol ppt.)....... | 5.3 | 25 360 0 | @ 5 

















* See Table I for an explanation of the units of measure and activity ratios. 


TaBLeE III 


Non-Additive Nature of TPN and DPN Activities in Acetaldehyde 
Dehydrogenase from A. suboxydans 














Specific activity* 
Fractions ; : 
TPN DPN | TPN + DPN | aoe 
| 
Step 1 1,200 | 250s 980 0.82 
800 190 610 0.76 
«2 3,900 | 950 3,550 | 0.86 
4,600 | 300 4,300 0.93 
“ 3 15,000 3,800 13,000 | 0.86 
14,000 3,500 11,200 | 0.80 
“ 4 37,500 12,440 33,400 0.90 
42,000 11,500 34,500 0.82 
“ 5 | 81,000 18,400 62,000 0.77 
66 ,000 19,000 56,000 | 0.85 
90 ,000 22,000 0.80 





| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


* See Table I for an explanation of the units of measure. 


170 ml. of the supernatant solution from the preceding alcohol fractiona- 
tion were mixed with 10 ml. of zinc acetate-sodium acetate buffer. Ethanol 
was added to 14 per cent concentration. The precipitate was suspended 
in citrate buffer and dialyzed against the buffer for 4 hours. The precipi- 
tate was then centrifuged off and discarded. The supernatant liquid was 
dialyzed against 0.01 m Tris buffer at pH 8.4 for 16 hours. The resulting 
solution was also clear (Fraction 1-C). 
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The summary of activities of the fractions from the zinc-ethanol treat- 
ment appears in Table II. Although the TPN and DPN activities were 
separated by this fractionation procedure, the specific activity with either 
nucleotide was greatly decreased, and the recoveries were very poor. In 
view of the low recoveries and the fact that the DPN and TPN activities 
were not additive, indeed were even mutually inhibitory (cf. Table IIT), 
it is perhaps unsafe to conclude definitely that two separate enzymes exist 
despite the apparent resolution with zine and ethanol. 


Properties of Acetaldehyde Dehydrogenase 

Effect of Potassium, Magnesium, Phosphate, CoA, Cysteine, and EDTA 
—No stimulatory effect was found by additions of KCl or MgCl. up to 
4 X 10-* M, either alone or in combination. Thus this enzyme differs from 
the dehydrogenase reported by Black (13). Likewise, phosphate and CoA 
were not required. No evidence was found for the formation of acetyl 
CoA during the oxidation, in contrast to an acetaldehyde dehydrogenase 
from Clostridium (17). 

Cysteine, glutathione, or EDTA was stimulatory. However, the 
activities were not additive. The extent of stimulation varied with dif- 
ferent preparations of the enzyme. This was evidently due to traces of 
heavy metals which combined with sulfhydryl groups on the enzyme and 
which could be released by large amounts of sulfhydryl compounds or 
chelating agents. 

Optimal pH—The optimal pH for both TPN and DPN activity was 
found to be 8.7. No special effects were produced by the individual buf- 
fers for TPN. DPN activity varied with different buffers, although the 
optimal pH was similar for each. It was found that Tris was better than 
barbital, glycylglycine, or a-alanine. The nature of the buffer effect is 
not known at the present time. It may have been due to differences in 
chelating action by the buffers, because the enzyme was sensitive to heavy 
metal ions. 

Michaelis Constants of Enzyme-Substrate Complexes—Michaelis con- 
stants were determined over substrate concentrations ranging from 3.8 X 
10-> to 7.6 X 10-*m. The reaction was started by addition to the cuvette 
of 0.028 ml. of appropriate acetaldehyde solutions from a micro pipette 
to make the final volume 3.0 ml. The oxidation rate was expressed as 
the average during the 2.5 minute period between 30 and 180 seconds, 
except that at 3.8 x 10-5 m the rate was taken for the 1 minute period 
between 30 and 90 seconds. Vmax and K, were determined according to 
Lineweaver and Burk (18) by the method of least squares. In Fig. 1, A 
and B, the K,, of the enzyme-acetaldehyde complex with TPN (9.8 & 10-5 
moles per liter) is smaller than that with DPN (12.8 « 10-° moles per 
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liter). Both values are in the same order of magnitude as a TPN-linked 
dehydrogenase from yeast (12). Vmax with TPN (0.0789 umole per 
minute per 8 y of enzyme) is much larger than that with DPN (0.104 
umole per minute per 42 y of enzyme). 

Michaelis Constants of Enzyme-Coenzyme Complexes—These were also 
determined by Lineweaver and Burk’s plot, by measuring the initial rate 
against concentrations of coenzymes. The reaction was started by the 
addition of acetaldehyde. As shown in Fig. 2, A and B, Kppwy is about 
70 times larger than Kypy. Kypy for the enzyme from A. suborydans 





A- (TPN) B- (DPN) 
50K = 





£2 Vnax20.0789p mole / MIN. ‘A Vmax20.104p mole/MIN. 
5 7 € 5 
10 KcH.4CHO (TPN)* 9-8x 10 rg KcH{CHO(OPN)=!2.8x 10 
3 moles / m 











® oles /L. 

0 l a ! | | | 

fe) 10 20 30 O . 10 20 30 
17S (x 10°) 


Fig. 1. A, the Michaelis constant of the enzyme (TPN)-substrate complex. The 
system contained 60 uzmoles of barbital buffer, 60 umoles of EDTA, 3 mg. of crystal- 
line bovine serum albumin, 8 y of enzyme (Step 3), 1.83 umoles of TPN. Volume 3.0 
ml.; pH. 8.6; temperature 25°. S (acetaldehyde), moles per liter; V, micromoles of 
TPNH formed per minute. B, the Michaelis constant of the enzyme (DPN)-sub- 
strate complex. The system was the same as that in A, except that 20 umoles of 
DPN and 42 y of the enzyme were used. 


is higher than that of the yeast enzymes (12). Among pyridinoproteins, 
the present enzyme (with DPN) has one of the lowest recorded affinities 
for a coenzyme. 

Substrate Specificity—Purified aldehyde dehydrogenase from either 
yeast or beef liver is relatively unspecific toward various aldehydes. As 
depicted in Table IV, the enzyme from A. suborydans catalyzed the oxida- 
tion of propionaldehyde, and n-butyraldehyde among various aldehydes 
tested, whereas pui-glyceraldehyde was completely inert. The slight 
activity toward glycolaldehyde was doubtful. The lower activity toward 
the latter aldehydes was not due to low enzyme-substrate affinities, since 
a 3-fold increase in concentration of the aldehydes failed to increase their 
oxidation rates. It is evident that the enzyme from A. suborydans is 
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more specific than the corresponding systems in yeast (11, 16) or beef 
liver (14). This recalls that pyruvic carboxylase from this organism also 
possesses higher substrate specificity (19). 


A- (TPN) B - (DPN) 
100;—- i_ 


80-- oo 


60+ ye = 
a 


S” Vinax=0.083p mole /MIN. Vmax? 0.\3pmole /MIN. 
4 3 3 
mF Krpy=!xlO- moles/L. | L Kppy=6.8x10~ moles/L. 
Fa ? 


. 
< 


0 —_— = l hia 
Oo 20 40 60 80- O 4 8 l2 16 
17S (x10°M) 1/S (x10°M) 

Fig. 2. A, the Michaelis constant of the TPN-enzyme complex. The system 
contained 60 uwmoles of Tris buffer; 60 umoles of EDTA; 3 mg. of crystalline bovine 
serum albumin; 8 7 of enzyme (Step 3); 10 umoles of CH;CHO: Volume 3.0 ml.; pH 
8.6; temperature 25.2°. S (TPN), moles per liter, V, micromoles of TPNH formed 
per minute. B, the Michaelis constant of the DPN-enzyme complex. The system 
was the same as that in A, except that 42 y of the enzyme were used. S (DPN), 
moles per liter; V, micromoles of DPNH formed per minute. 





JV 




















TaBLE IV 
Substrate Specificity of Acetaldehyde Dehydrogenase from A. suboxydans 
A. suboxydans, per cent Per cent TPN-linked 
relative activity acetaldehyde 
| dehydrogenase 
from yeast 
TPN DPN (Seegmiller (12)) 
CH;CHO..... Stas wrasse 100 100 100 
CH;CH.CHO..... sine FEE NS 50 50 50 
CH;CH;:CH:CHO....................... 25 20 0 
sii ois <2 sa wanaliacas hese 46 | 0 0 30 
6 | | ee <5 0 70 
CH:(OH)CH(OH)CHO.................. 0 0 











Inhibition Studies—Acetaldehyde dehydrogenase from various sources 
has appeared (12-14) to be sensitive to sulfhydryl reagents. The behavior 
of different agents toward the enzymic activity is presented in Table V. 
Agt was even more toxic than either Hg** or Cu*+. Iodosobenzoate, 
which is considered as a selective oxidizing agent for the thiols, was not as 


. 
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potent as the heavy metals. The quantitative differences in the effects T. 
of iodosobenzoate and Zn**+ on TPN and DPN reduction suggest that the vi 
essential apoenzyme sites for these two activities may not be identical. 
However, this does not necessarily mean that two enzymes are present. 
TABLE V 
Behavior of Sulfhydryl Reagents toward Acetaldehyde Dehydrogenase from om 
A. suboxydans 
| Per cent inhibition } 
Inhibitor Concentration mans 
: Ls Shy eel | TPN DPN 2 
| M | . 
CuSO, |} 2x 10 | 87 64 a 
| 2x 10-5 | 39 n 
AgNO; | 1X 10-4 | 98 ~ 
|} 2x 10-5 | 86 94 ‘ 
| 1.5 X 10-5 | 60 
2X 107 0 way 
Hg(NO;)- | 2X 10-4 | 98 92 ‘i 
| 2x 10-5 53 
ZnCl. | 3.6 X 10-5 | 86 52 = 
| 7.3x10° | 50 5 
p-Chloromercuribenzoate 1 X 10°% 97 100 a 
rg 
1X vl | 64 97 | per 
2X 10° 70 | 
| 1x 10-5 | 38 s 
Iodosobenzoate 2X 10°? | 98 —_ 
1x 107 | 53 86 
| 2X 10-3 | 0 | 35 
| = | 
The basal system for the activity with TPN contained 80 umoles of barbital 
buffer; 1.34 uzmoles of TPN; 2 mg. of crystalline bovine serum albumin; 10 7 of en- = 
zyme (Step 3); 8 umoles of acetaldehyde. Volume 2.2 ml., pH 8.6; room tempera- 
ture. The basal system for the activity with DPN was the same as above, except 
that 12 ymoles of DPN and 45 y of the enzyme were used. — 
Am 
Chelating agents such as EDTA or thiols such as cysteine or glutathione n 
could overcome the inhibitions. Tris alone gave only partial reversal. aap 
Activation Energy—The temperature effect on enzymic activity was Err 


studied by measuring the initial rate, 7.e. zero order, with respect to either — 
the coenzyme or acetaldehyde. Thus the reaction constant of the Ar- 
rhenius equation will be the rate of the reaction. In Table VI, the activa- f 


° ° . ° . men 
tion energy® was about 13 to 14 kilocalories with either coenzyme (see 
3 By plotting log k versus 1/7, the slope would be equal to — u/(2.303 R) of the the 
Arrhenius equation. Instead of direct plotting, the least squares method forthe best tide 
straight line was used, s 
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Table VII for a statistical analysis of the data). The » values are ob- 
viously much lower than those in the absence of the enzyme, in view of 


TaBLe VI 


Activation Energy for Oxidation of Acetaldehyde by TPN and DPN in 
Presence of Acetaldehyde Dehydrogenase from A. suboxydans 

















| TPN* DPNt 
| 
| Experiment 1 Experiment 2 | Experiment 3 Experiment 4 
| | 
uw (activation | 
energy), Cal- 
ories......... 14,240 14,310 14,320 12,700 
Standard error | 
ME Scdics +-s 293 232 796 1,020 
Confidence | 
limits of pt.. |14,960 and 13,530/14,900 and 13,710/16,270 and 12,370|15,390 and 10,150 








* The system contained 60 umoles of Tris buffer, 60 umoles of EDTA, 3 mg. of 
crystalline bovine serum albumin, 1.93 umoles of TPN, 6.0 7 of enzyme (Step 3); 
volume 3.0 ml. The reaction was started by the addition of 10 umoles of CH;CHO. 
Eight temperatures between 275.4-310.4° K. were used. Individual values of k were 
| obtained after determination at several time intervals and extrapolation to zero 
time. This was necessitated by the partial denaturation of the enzyme during tem- 
perature equilibration (up to 25 minutes to reach the last degree of temperature). 

+ The system and conditions were the same as those for TPN, except that 20 
umoles of DPN and 32 y of the enzyme were used. 

t With a confidence coefficient of 0.95. 

















TaBLe VII 
Statistical Analysis of » Values for Reaction with TPN and with DPN 
sas Sum of Degrees Mean ° 
Source of variation squares x squares F 
Among Slopes b; to biuf........ 0.008495 3 | 0.002832 | 1.18 (Fo.o5 = 3.05) 
Slopes b; and bz vs. b; and by. .| 0.002066 1 | 0.002066 | 0.86 
eS ee ee eee 0.000011 1 | 0.000011 | 0.00 
7 See: Me. ... ...| 0.006418 1 | 0.006418 | 2.68 (Fo.o5 = 4.30) 
EE Ree ....| 0.052711 | 22 | 0.002396 | 








* F, variance ratio. 


t Slopes bi, be, bs, and by, are the best slopes of the straight lines from Experi- 
ments 1, 2, 3, and 4, respectively. 


the fact that acetaldehyde is very stable in the presence of pyridine nucleo- 
tides even at elevated temperatures. 


Stability—The oxidative activity with either coenzyme in crude extracts 
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(Step 1) was not impaired by heating at 56° for 10 minutes, at 30° for 4 
hours, by standing at room temperature for 14 hours, by repeated freezing 
and thawing, or by lyophilization. A sample stored at — 10° for 20 months 
retained more than 80 per cent of its original activity. However, thermal 
inactivation was rapid in fractions after Step 2. These lost activity 
gradually over a few weeks time, even when stored at —10°. 

An attempt to determine the kinetics of the denaturation was not suc- 
cessful. The denaturation rate was determined between 300.9-310° K. 
Rate constants changed with time and were thus impossible to calculate 
(cf. Fig. 3). It has been found (ef. (20)) that the denaturation of protein 


0.64 l l T T T ql 
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oate al 
\ 
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0.2-- ee ll 300.9° a 
° 
T= 305.2 
i \ 1 ! l ‘- 
(0) 250 500 750 1j00O0 =61250-~—s« 1500 
TIME (minutes) 


Fig. 3. Stability of acetaldehyde dehydrogenase with TPN from A. suboxydans. 
The conditions were the same as in Table VI. 


se 














follows simple orders of reaction. In this dehydrogenase under the condi- 
tions tested, the whole course of the denaturation was evidently complex. 
This fact suggested that more than one reaction may have taken place. 
When the initial denaturation was treated as a first order reaction, a provi- 
sional value of over 100 kilocalories was obtained for the activation energy 
of denaturation. 


SUMMARY 


Acetobacter suboxydans has a powerful acetaldehyde oxidation system. 
The primary dehydrogenase, after concentration over 100-fold from a 
soluble cell-free extract, exhibited activity of over 100,000 spectrophoto- 
metric “units” per mg. per minute, with TPN as coenzyme. 

At all stages of purification, the apoenzyme could be reactivated with 
either TPN or DPN, At the highest stages of purity, TPN was approxi- 
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mately four times as effective as DPN. Evidence indicated that DPN 
was effective per se, although it was not possible to state with certainty 
whether two dehydrogenases were present. 

Various physical constants and other properties of the dehydrogenase 
are described. 


The authors are grateful to Rowena G. Knudson and Margaret G. 
Thome for their valuable technical assistance, and to Dr. Jerome C. R. 
Li for performing the statistical analyses of the data. 
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ON THE MECHANISM OF ACTION OF ACONITASE* 


By JOSEPH F. SPEYER anp SHERMAN R. DICKMAN 


(From the Department of Biological Chemistry, University of Utah College 
of Medicine, Salt Lake City, Utah) 


(Received for publication, May 12, 1955) 


The first formulation of the aconitase reaction by Martius (3) placed 
cis-aconitate as an obligatory intermediate between citrate and isocitrate. 
The subsequent failure to observe a lag period in the citrate-isocitrate 
conversion, however, led Martius and Lynen (4) to postulate an inter- 
mediate common to all three substrates. A lag period has since been ob- 
served by Krebs and Holzach (5) and by Morrison (6). The former au- 
thors considered that this result restored cis-aconitate to its former place 
as an intermediate in the reaction. It can be demonstrated, however, 
that, although the absence of a lag period would prove that cis-aconitate 
is not an intermediate, the converse does not hold. The kinetics of aconi- 
tase have been shown by Friedrich-Freksa and Martius (7) and by 
Tomizawa (8, 9) to correspond to an equivalence in the number of rate- 
determining steps in the interconversion of the three substrates. These 
studies support the concept of a common intermediate, but have added 
little information concerning its structure. 

The citrate-isocitrate conversion involves the transposition of the ele- 
ments of water. The process may be accomplished by either of two gen- 
eral mechanisms: (1) by removal and addition of H,O, and (2) by intra- 
molecular rearrangement. These alternatives have been evaluated by 
measurement of the incorporation of deuterium from the medium into 
citrate formed enzymatically from isocitrate or cis-aconitate. The data 
unequivocally indicate a common intermediate which is dissimilar in struc- 
ture to all three substrates. This intermediate, formulated as an aconi- 
tase-Fe++-tricarboxylic acid carbonium ion-cysteine complex, satisfies the 
deuterium incorporation data and is also consistent with the kinetic analy- 
ses of the reaction. The postulated complex provides a rationale for the 
widely differing degrees of inhibition of aconitase caused by the various 
fluorocitrate isomers. 


* This investigation was supported in part by a research grant, RG-3847, from 
the National Institutes of Health, United States Public Health Service. A report 
of this work was presented at the meeting of the American Society of Biological 
Chemists, San Francisco, California, April 11-17, 1955 (1). This paper is taken 
from a thesis (2) submitted to the Department of Biological Chemistry, University 
of Utah College of Medicine, by Joseph F. Speyer in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 
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Kinetics 


Friedrich-Freksa and Martius (7) and Tomizawa (8) have shown by 
kinetic studies that aconitase acts as a single enzyme with but one active 
site. Furthermore, they have demonstrated that there are an equal num- 
ber of slow steps in the interconversion of all three substrates. A common 
intermediate is suggested in both papers. The analysis of Tomizawa is 
based on steady state kinetics which permit the calculation of concentra- 
tions of the three substrates under various conditions. In the kinetics 
presented below, a common intermediate was assumed in the development 
of rate equations. The calculated initial rates were then checked against 
the data of Friedrich-Freksa and Martius, Tomizawa, and Krebs and 
Holzach. In this treatment the Michaelis constants (K,,) have not been 
assumed to be identical with the dissociation constants of the enzyme- 
substrate complexes. The theoretical curves predict a lag period and thus 
remove the objection of Krebs and Holzach (5) to a common intermediate 
in the reaction. The equilibrium concentrations of the substrates of the 
aconitase system used in the calculations were for citrate, 89.1 per cent; 
isocitrate, 6.6 per cent; and aconitate, 4.3 per cent (10, 11). 

In the accompanying diagram, citrate, isocitrate, and aconitate are sig- 
nified by C, J, and A, respectively. The various rate constants are defined 
by their locations relative to the arrows. The common intermediate is 
indicated by ES and aconitase by EF. 

















E+C 
ue 
EC 
al 
k_;4 k A kt kit 
E+A > EA > ES= > EI >E+1 
ki4 KoA ko? ki 


Under conditions of excess substrate, the rate of change in concentra- 
tion of any substrate can be formulated as 


dA 

— = kAES — kAEA (1) 
dt 

d 

— = kfES — kc EC (2) 
dt 

dI 

as kJ ES — kl EI (3) 
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Similarly, 


1(ES) 
“— = koAEA + koCEC + kolEI — ES(kA + bo + ke!) (4) 


At constant temperature, under steady state conditions the concentration 
of activated complex remains constant. 


d(ES) 


— (5) 


and 


koAEA + ko°EC + ko EI 
8 ht + hee ed ” 





Thus if EC, EI, EA, and ES can be calculated from measurable con- 
stants, it should be possible to derive equations from which theoretical 
curves could be drawn. If the assumptions are correct, these curves 
should predict the experimental course of the reaction and the concentra- 
tions of the three substrates at any time prior to equilibrium. 


Calculation of Ratios of Reaction Constants 
Let the dissociation constants K,, Ke, Kr be defined as 


. FXA ‘ FXC FXI 
A= 





(EA) ’ ©” (EC) ’ ’” (ED (7) 


F signifies free (uncombined) enzyme. At equilibrium 


dA dC di 
7 * a "29 t= (8) 
and 
(EC*)ko® = (ES*) kf (9) 
Then 
FX C* X kof FX A? X kA 
to = eit wh ——S-—e = ee On 
Ke Ka 
Dividing 
Ka x’ X A” X kot 
= a X A* X ko (11) 
Ke kA XC? X ko? 
and similarly 
I x” A 
Ka _ kl X A® X ke a) 


Kr kAXIX ko 
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Substituting from Equations 6 and 7 into Equations 1, 2, and 3 














aC rE KCKXF Keo XF TRE XC kAXA | hol XI (13) 
dt Ke rks Ke Ka Ky 
UM —k&ixXIXF ki XFL RCE XC . koA Ak 
ae y e . x + xX o X 0 = + 0 I (14) 
dt Kr Dky Ke Ka Kr 
1A —kAXxXaA F kAXFLREXC . keoA ko! 
beni zm oo X > 4 + "eet o Xx + 0 = A + 0 = I (15) 
dt Ka Tks Ke Ka Kr 


At the start of the reaction, in the presence of excess cis-aconitate as 
substrate, H = EA. The initial rate of citrate formation will be 


dC kf 
wees Tee eee 
a ac X ko* X Sh 


and likewise with isocitrate substrate 
ke 
ao Pe 
ic= EX ko X Sh 


Dividing Equation 16 by Equation 17 


ac ko4 


ic a ko? 
and similarly 


ati k 


A 
- 0 
ct ko? 
The initial rate of isocitrate formation from cis-aconitate will be 


kt 
j= EX ket X — 
at X ko* X Dh, 


and dividing ac in Equation 16 by az in Equation 19 


ac k,f 

ai kt 
and similarly 

ic kf 

ia kA 


(16) 


(17) 


(18) 


(19) 


(20) 


By substitution of the experimental initial rates (Table I, last column) 


into Equations 11, 12, 18, and 20, it is possible to calculate the ratios of 


the six rate constants and the three dissociation constants. 
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kos kyl kA = 1:1.2:4.1 (21) 

ko@: kof: ko4 = 1:5.4:9.3 (22) 

Ke: Krz:Ka = 9.2:3.0:1 (23) 
TABLE [| 


Relative Initial Rates of Aconitase-Catalyzed Reactions 











Observed* Employed 

Reaction Symbol | in present 

(1) (2) | (3) | calculations 
Aconitate-citrate ac 8.5 8.56 | | 8.5 
Aconitate-isocitrate ai 10.5 10.5 | | 10.5 
Citrate-aconitate ca 3.8 3.8 3.8 | 3.8 
Citrate-isocitrate ci 3.0 1.9f 0.49 1.2f 
Isocitrate-aconitate ia 10.9 12.5 19.6§ 
Isocitrate-citrate tc 5.0 5.0 5.0 














* The relative rates listed in Columns 1, 2, and 3 have been taken from the publi- 
cations of Friedrich-Freksa and Martius (7), Tomizawa (8), and Krebs and Holzach 
(5), respectively. To make possible a comparison of the three sets of data, it has 
been assumed that the rate of the citrate-aconitate reaction is the same in each ex- 
periment. For this reason no units of concentration or time have been assigned to 
these values. The rates of the remaining reactions were then obtained by multiply- 
ing the experimentally determined rate by an appropriate factor or by calculation 
as explained below. 

+ This rate was calculated from the data of Tomizawa, on the basis that ca = 3.8. 

t This value is the average of the rates listed in Columns 2 and 3. 

§ This rate was calculated on the basis that ci = 1.2. For these calculations the 
following equation was employed: 

ia X ac X ci kA XK kee X ka? 


ieXaiXca kEXkEXkA | 





Evaluation of Uncombined Enzyme, F 
E= EFA + EC + EI+ ES+F (24) 


Assuming that the concentration of the activated enzyme complex ES is 
very low, and that F is negligible in the presence of excess substrate, then 


E= EA+ EC + EI (25) 
On substituting from Equation 7 and simplifying 
A C I 
F-E+EtE (26) 


- EX Ka X Ke X Kr 
AX Ke X Ki+CX Ka X Kri+1X KeX Ka 





F (27) 
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Let A, C, and J represent the mole fraction of the tricarboxylic acids pres- 
ent as aconitate, citrate, and isocitrate, respectively, then 


A+C+I=1 or A=1-C-I (28) 
Since J is a constant in Equation 27, F can be evaluated by substitution 
from Equations 23 and 28. 


By substituting from Equations 21, 22, 23, 27, and 28 into Equations 
13, 14, and 15, the following equations are obtained. 


dC _ 27.7(1.46 — 1.55C — 1.187) 








= 9 
dt 27.7 — 24.7C — 18.51 -m 
dI _ 27.7(1.80 — 1.77C — 3.251) (30) 
dt 27.7 — 24.7C — 18.51 
dA 27.7(— 3.26 + 3.33C + 4.431) (31) 





dt 27.7 — 24.7C — 18.57 


By division, dC/dI, dI/dC, and dA/dI were obtained and integrated 
graphically. Such graphs show the formation of any two substrates from 
a third, and from them it is possible to obtain numerical values which can 
be substituted into Equations 29, 30, and 31. In this manner the relative 
rates of formation of the products can be plotted and checked against 
experimental values. It is unfortunate that all of the published kinetic 
studies on aconitase have been carried out with very crude preparations. 
The agreement among some of the constants listed in Table I is poor. 
Consequently, the selection of constants for substitution into the equa- 
tions has had to be more or less arbitrary. 

A lag period in the early stages of the isocitrate-citrate reaction is evi- 
dent in Fig. 1.1. If the initial rate is extrapolated, the area under the 
dotted line represents the amount of citrate formed “directly” from iso- 
citrate at a given time, while the area between the dotted and the solid 
lines represents citrate which was formed with aconitate as an intermediate. 
The curves of Fig. 2 express similar relationships when citrate is taken as 
substrate.!. The curve which shows the rate of isocitrate formation also 
contains a lag period, as found experimentally by Krebs and Holzach (5). 
One discrepancy between the calculated and experimental curves, however, 
concerns the equality point of aconitate and isocitrate. Experimentally 
it was found that isocitrate and cis-aconitate were equal at 1.65 per cent, 
whereas in the calculated curve they are equal at 3.1 per cent. 

The predictive power of the equations was checked by the following 

1 Since the concentration of enzyme does not appear in the final equations, the 


abscissa is denoted as “‘relative time.’’ If the actual enzyme concentration is known 
in any given experiment, the units of time can readily be calculated. 
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test. The interval required by the enzyme to convert isocitrate to a 
concentration of citrate equivalent to 8 per cent of its equilibrium value 
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Fig. 1. Calculated rate of formation of citrate (C) and aconitate (A) from iso- 
citrate substrate by aconitase. The dotted line is an extrapolation of the initial rate 
of citrate formation. 
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Fig. 2. Calculated rate of formation of isocitrate (J) and aconitate (A) from cit- 
rate substrate by aconitase. 


was taken as a basis for calculation. The percentages of the two products 
which would have been formed from each substrate during this same 
period have been calculated and compared to the experimental data of 
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Friedrich-Freksa and Martius (7). The last two columns of Table II 
contain the calculated values of these workers and our own. The excellent 
agreement between both sets of calculated values and the experimental 
further supports the concept of a common intermediate. 


Materials and Methods 


Reagents—cis-Aconitic acid anhydride and dl-isocitric acid lactone were 
synthesized as described previously (12). Deuterium oxide (99.9 per cent) 
was purchased from the Stuart Oxygen Company, San Francisco, Cali- 
fornia, and used without further purification. 

Methods—Aconitase was purified and activated by the procedures of 
Morrison (13). Citrate was determined by the method of Dickman and 


TABLE II 


Relative Quantities of Products Formed at Time When 8 Per Cent Citrate Is 
Formed from Isocitrate 











| Calculated 
anes | Frekes and Vtartius (i) Friedrich-Freksa and | m 
| Martius (7) This work 
— ee per cent per cent | per cent 

- | 16 14 | 16 
ac 12.5 13 12 
at 15.5 16 4 
. 4 3.5 3.5 
is | | 3.3 | 3.3 
ic | 8 | 8 | 8 








Cloutier (14) and aconitate by the procedure of Dickman (15). Deutero- 
citrate was isolated by the chromatographic procedure of Bulen et al. (16). 
The appearance of the acids was detected by titration with 0.01 n NaOH 
and phenol red indicator. The resulting fractions were identified by the 
Ry value on a column which had been calibrated with known samples. 
The appearance order was trans-aconitate, cis-aconitate, citrate, and iso- 
citrate. The trans-aconitate was presumably formed when the solution 
was boiled to coagulate the protein. Citrate was isolated by evaporation 
of the combined eluates of the proper Rr. The resulting sodium salt was 
then reacidified and rechromatographed. The trisodium salt was care- 
fully dried and finally oxidized and converted to hydrogen gas by the 
method of Graff and Rittenberg (17). The deuterium content of the gas 
samples was measured in the mass spectrometer by the Consolidated 
“ngineering Corporation of Pasadena, California. The results were re- 
corded in the form of graphs which represented five galvanometer traces 





di 
a 


al 


a 


ct 


C 


dl 


II 
nt 
al 


re 
it) 
ili- 


of 
nd 


ero- 
16). 
OH 
the 
les. 
iso- 
tion 
tion 
was 
‘are- 

the 
Fas 
ated 
> re- 


“aces 





J. F. SPEYER AND S. R. DICKMAN 201 


of the same signal in attenuations of 1:3:10:30:100. The amperage of the 
signal is proportional to the abundance of the mass species measured and 
was plotted versus the mass number on the abscissa. The strength of the 
signal was measured from the graph incm. Because a low concentration 
of deuterium had been used in this work, the hydrogen concentration was 
almost constant (99.1 to 100 per cent); hence the mass 3 contribution due 
to D:H species was essentially constant. All samples were run at 50 u 
pressure. 


TasB_e III 
Effect of 98 Per Cent D:O on Aconitase Activity 

Incubations in Dx,O—Each substrate was adjusted to pH 7.0 and evaporated to 
dryness in vacuo. The residue was dissolved in 99.9 per cent D.O. 1.4 ml. of 0.1 
M substrate (except dl-isocitrate, 0.2 mM) were incubated with 0.1 ml. of Fe**-cysteine- 
activated aconitase for 10 minutes at 30°. The reaction was stopped with HPO; 
and the products were determined in the protein-free supernatant solutions. 

Incubations in H»O—The substrates were treated similarly to the above except 
that the solutions were adjusted to pH 7.4. The ionic strength of all solutions was 
adjusted to 1.2 m. 




















Citrate formed in | Activity in | cis-Aconitate formed in Activity in 
Substrate SS D0 D.0 
D0 | | DO | 0 
——————— “| pmoles nates | per cent | pmoles | pmoles | per cent 
| per ml. | perml. | | per ml. per ml. | 
cis-Aconitate...... --| 0.55 | 1.41 | 40 | 
EN  aitdhin | 0.56 | 1.40 | 40 | 
Cltrate.......cccccesse: | | | | 0.49 | 0.72 | 65 
Pes ee tects ce Ja avi es | 0.45 0.69 | 65 
di-Isocitrate............) 0.72 | 1.17 | 60 | 2.70 | 4.50 60 
Pe ce ue ke 0.79 i | 60 | | 60 
Results 


Inhibition of Aconitase by 98 Per Cent D.O—Aconitase was incubated 
with its substrates for 10 minutes at 30° in 93 per cent D.O. To correct 
for the pH:pD difference (18), the aqueous substrate solutions for the 
D.O incubations were adjusted to pH 7.0, evaporated to dryness in vacuo, 
and finally redissolved and diluted to the original volume in undiluted 
D.0. The quantities of citrate or aconitate formed are given in Table 
III. The presence of D.O inhibited the aconitate-citrate reaction more 
than it did the isocitrate-citrate reaction. These results suggest that the 
aconitate-citrate reaction includes a step which is inhibited to a greater 
degree than any step in the isocitrate-citrate conversion. As the reactions 
were run under conditions of excess substrate, the effect of D,O appears 
to be on the activation step (ko) of aconitate, These results confirm the 
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kinetic analysis in excluding cis-aconitate as an obligatory intermediate in 
the isocitrate-citrate reaction, but, in common with the kinetics, yield no 
information concerning the structure of the common intermediate. Evi- 
dence bearing on this problem has been obtained from the measurement 
of the incorporation of D into citrate from isocitrate or cis-aconitate sub- 
strates when the reactions were carried out in a medium containing 10 
per cent DO. 

Formation of Citrate in Deuterowater—Citrate formed from cis-aconitate 
in deuterowater through the action of aconitase would be expected to con- 
tain a maximal quantity of D. On the other hand, citrate formed from 
isocitrate under these conditions may or may not contain D. Thus the D 
content of the citrate can provide evidence, independent of kinetic con- 
siderations, on whether cis-aconitate is an obligatory intermediate in the 
reaction. 

The following incubations were carried out at pH 7.4 at 30° in 10 per 
cent DO. A purified, Fe+*-cysteine-activated aconitase was utilized where 
noted and Na; citrate was isolated from each solution. Incubation 1, 50 
ml. of 0.1 m citrate were incubated for 8 hours. The solution was lyo- 
philized, and the residue was redissolved in H,O and lyophilized three 
additional times. Incubation 2, 50 ml. of 0.1 m citrate containing Fe**, 
2 X 10-5 m, and cysteine, 2 X 10-* M, were incubated for 8 hours. Air 
was then bubbled through the solution to oxidize the cysteine and Fe**. 
The cystine was removed by filtration, Fe+++ was removed as the sulfide, 
and the excess H:S was removed by aeration. The solution was then lyo- 
philized and treated as in Incubation 1. Incubation 3, 50 ml. of 0.1 m 
citrate containing non-activated aconitase and 10-° m o-phenanthroline 
were incubated for 5 hours. The solution was boiled and filtered to re- 
move protein, and citrate was isolated as in Incubation 1. Incubation 4, 
50 ml. of 0.1 m cis-aconitate containing Fe++-cysteine-activated aconitase 
were incubated for 8 hours. 2.27 ml. of 6 N H2SO, were added and the 
solution was boiled and filtered to remove the protein. The filtrate was 
lyophilized and the residue was chromatographed over silica gel (16). 
Incubation 5, 50 ml. of 0.2 m dl-isocitrate containing Fe*++-cysteine acti- 
vated aconitase were incubated for 5 hours. Citrate was isolated as in 
Incubation 4. 

Three separate incubations, in which a total of 810 mg. of cis-aconitate 
was employed as substrate, were carried out under the conditions described 
in Incubation 4. 380 mg. of citrate and 190 mg. of cis- and trans-aconi- 
tate were recovered as trisodium salts, corresponding to 47 and 24 per cent 
of total tricarboxylic acids, respectively. 145 mg. of dl-isocitric acid 
lactone were converted to dl-isocitrate and employed as substrate in each 
of six separate incubations under the conditions of Incubation 5. 88 mg. 
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of citrate and 84 mg. of cis- and trans-aconitate were recovered as tri- 
sodium salts, corresponding to 18.7 and 19.5 per cent of total tricarboxylic 
acids, respectively. The samples of trisodium citrate isolated from each 
type of incubation were combined and oxidized. The water formed was 
reduced to hydrogen and the D content was determined in the mass spec- 
trometer. Thus, although only one D analysis was carried out on each 
sample of citrate, the value obtained represents an average of at least 
three separate incubations of each type. 

The results of the five incubations are presented in Table IV and are 
summarized as follows: In Incubations 1, 2, and 3, three control incuba- 


TABLE IV 
Deuterium Content of Isolated Trisodium Citrate 
Citrate was isolated and converted to hydrogen as described in the text. The 


values listed correspond to the strength of the signal of the mass spectrometer and 
are a measure of the abundance of the mass species. 











Incubation No. Mass 2 Mass 3 Mass 4 sa 
cm. cm. X 1072 cm. X 1072 
1 12.23 0.60 0 0 
2 12.25 0.60 0 0 
3 12.22 0.62 0 0 
4 12.00 25.6 0.20 1.05 (2.00)+ 
5 12.16 8.9 0 0.34 

















* Atom per cent excess = 


Cm. Mass 3 — cm. Mass 3 control + 2 X em. Mass 4 X 100 
2 X em. Mass 2 + cm. Mass 3 





t Calculated value. 


tions, it is demonstrated that no single component of the aconitase system, 
cofactors or inactive enzyme, labilizes the carbon-hydrogen bonds of citrate 
sufficiently to cause a measurable exchange with the deuterium of the 
medium. In Incubation 4, the aconitate-citrate conversion, the isolated 
citrate contained 1.05 atom per cent excess deuterium. This value is ap- 
proximately half of the theoretical amount calculated from the quantity 
of citrate formed. This discrepancy is ascribed to isotope partition, a 
phenomenon that has been observed in chemical as well as in other en- 
zymatic reactions (19-22). In Incubation 5, the isocitrate-citrate con- 
version, the deuterium content of the citrate isolated was 0.34 atom per 
cent excess D, 29 per cent as large as that when aconitate served as sub- 
strate. This relatively small amount of deuterium definitely excludes 
cis-aconitate as an obligatory intermediate in the reaction. Yet the quan- 
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tity of D present in the product is sufficiently large to require an expla- 
nation. From Fig. | it can be seen that at the concentrations of products 
at which this reaction was stopped (citrate, 18.7 per cent; aconitate, 19.5 
per cent), the citrate concentration was approximately one-third greater 
than that predicted from a projection of the initial rate. The increase is 
due to the contribution of the citrate formed via cis-aconitate. This 
citrate would contain deuterium. It is concluded, therefore, that in this 
experiment two-thirds of the citrate was formed directly from the com- 
mon intermediate, 7.e. did not pass through aconitate as an intermediate. 
This citrate contained no deuterium. Thus the relative percentage of D 
in the citrate can be used as a direct measure of the proportion of isocitrate 
which has been dehydrated to cis-aconitate in its conversion to citrate. 
DISCUSSION 

Structure of Common Intermediate—The data suggest that the isocitrate- 
citrate reaction is intramolecular with respect to hydrogen. This in turn 
leads to the following explanation of the course of the reaction. The hy- 
droxyl group becomes detached from the substrate and is bound to the 
Fe*+*. This is accompanied by the hydride shift and the OH- then 
returns to the positively charged carbon atom. The intermediate re- 
sembles a carbonium ion. This can be formulated either as a concerted 
hydride structure or as a mixture of resonance forms. Since the latter 
representation emphasizes its relationship to citric and isocitric acids, the 
common intermediate is pictured in this fashion in Diagram 1. 

Carbonium ions have been postulated as intermediates in a wide variety 
of organic reactions, including the reversible hydration of olefins to alco- 
hols (23). The structure proposed for the common intermediate in the 
aconitase reaction, however, differs from the classical carbonium ion in 
the following respects: (1) It occurs as a constituent of an enzyme-metal- 
substrate complex and (2) it is formed and directed in its subsequent reac- 
tions in an aqueous medium under the influence of an enzyme. Conse- 
quently, the common intermediate will be classed as a “bound” carbonium 
ion. The term “bound” is introduced to make explicit the view that this 
intermediate occurs only as part of a complex, never free. In previous 
work (14), in which the activation of aconitase by Fe++ was first described, 
an enzyme-metal-substrate complex was suggested as the active inter- 
mediate in the reaction. The present data extend the function of Fet+. 
In the first place it aids in the placement of the substrate on the enzyme 
surface. Secondly, the Fe** is postulated as acting as an electron acceptor 
or Lewis acid which aids in lowering the activation energy in the removal 
of the OH™ from citrate or isocitrate. Diagram 1 contains hypothetical 
enzyme-substrate structures. Linkages of the complexes to the enzyme 
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are indicated by —H. The citrate-Fet+-aconitase complex is formulated 
with one primary carboxyl, the tertiary carboxyl, and the OH group of 
citrate chelated with the Fet*+. This structure implements the Ogston 
(24) hypothesis concerning the asymmetric handling of citrate. Since we 
have shown previously that the a-methy] ester of aconitate cannot serve as 
a substrate (12), this carboxyl group must presumably be ionized in order 
for attachment to occur. This group is drawn outside the Fe++ complex 
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Dracram 1. Interrelationship of aconitase-substrate complexes and the common 
intermediate. 


and bound directly to the protein. These 2 carbon atoms are considered 
to be derived from acetyl coenzyme A. 

The activated complex can be formed in two ways: (1) by removal or 
polarization of the OH of citrate or isocitrate and (2) by addition of a 
proton to cis-aconitate. The proton may arise from the molecule of water 
which is shown coordinated in the Fe++ complex. Such coordination may 
be expected to increase the dissociation of the water. In either case the 
tricarboxylic acid moiety becomes positively charged, and the hydride shift 
occurs. 

Hamm, Shull, and Grant (25) in their study of Fe++-citrate complexes 
have shown that the Fe++-citrate ratio remains 1:1 over a wide pH range. 
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The complex is hydrated in the region of pH 7. These facts were utilized 
in the formulation of the citrate complex. A very low order of stability 
of the Fe++-cis-aconitate complex would be expected from its seven-mem- 
bered ring structure (26). Although quite speculative at present, the 
interesting suggestion of Morrison (6) that the reducing agents are directly 
involved in the enzyme-substrate complexes has been applied in these 
formulations. Carbonium ion formation in organic reactions is subject to 
major influences, such as variations in components and conditions in the 
reaction medium (23, 27). Possibly the reducing agents in the medium in- 
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Dracram 2. Postulated complexes of aconitase with the isomers of fluorocitrate 


fluence the formation of the common intermediate by affecting the ability 
of the Fe+* to act as a Lewis acid. 

Inhibition by Fluorocitrate—Peters and coworkers (28, 29) have shown 
that synthetic fluorocitrate is a more powerful inhibitor of soluble aconi- 
tase than is natural fluorocitrate. This difference can be interpreted on 
the basis of the postulated complexes. The four possible fluorocitrate 
isomers when written in combination with Fe++ and enzyme are shown 
in Diagram 2. The F of natural fluorocitrate would be expected to be 
attached to the acetate-derived methylene group. Therefore natural 
fluorocitrate probably consists of an optically active mixture of the two 
diastereoisomers I and II. The inhibition by these compounds can be 
ascribed to the influence of the F on the dissociation constant of the adjoin- 
ing carboxyl group, which might easily alter its affinity for the protein. 
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The synthetic fluorocitrate, on the other hand, would probably contain a 
mixture of all four isomers. The effects of the F in compounds III and 
IV, for example, not only would be exerted on the dissociation of the car- 
boxy] group but also could be expected to alter the reactivity of the H atom 
bound to the a-carbon atom in the chelate ring of the complex. This line 
of reasoning leads to the prediction that a fluorocitrate formed by the 
condensing enzyme from fluorooxalacetate and acetyl coenzyme A would 
be a more potent inhibitor of aconitase than any fluorocitrate mixture yet 
tested. 

Specificity of Aconitase—The stereochemical restriction imposed by the 
structure of the postulated complex suggests that the particular isocitrate 
formed by aconitase will be one of the two dl-isocitrates. Furthermore, 
both forms of alloisocitrate are excluded. This conclusion likewise applies 
to the structure of the isocitrate substrate of aconitase. Winitz et al. (30) 
have recently resolved the four isomers of isocitrate and have shown that 
“natural” isocitrate corresponds to l-isocitrate. In addition, the structure 
of the complex provides an explanation of the low degree of inhibition 
exerted by trans-aconitate (31). 


SUMMARY 


1. An independent kinetic analysis of the reactions catalyzed by the en- 
zyme aconitase supports the concept of a common intermediate. The 
equations predict lag periods in the citrate-isocitrate and isocitrate-citrate 
conversions. 

2. Deuterocitrate has been isolated after the incubation of cis-aconitate 
or isocitrate with aconitase. The quantity of D incorporated in citrate 
demonstrates that cis-aconitate is not an obligatory intermediate in the 
reaction. 

3. The data indicate that the common intermediate can be conceived 
as an aconitase-Fe**-carbonium ion-reducing agent complex. 

4. The structure of the common intermediate is in accord with the asym- 
metric handling of citrate by aconitase and provides a rationale for the 
varying degrees of inhibition exerted by the natural and synthetic fluoro- 
citrates. 

5. The results support the suggestion that cis-aconitate be considered a 
side product rather than an obligatory intermediate in the Krebs cycle. 
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PURINE-METABOLIZING ENZYMES OF TETRAHYMENA 
PYRIFORMIS* 
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Except for the recent report of Friedkin on pyrimidine nucleoside phos- 
phorylase (2) and several papers from this laboratory dealing with ribo- 
nuclease and deoxyribonuclease (3, 4), little information is available con- 
cerning the occurrence of nucleolytic and nucleosynthetic enzymes in the 
ciliated protozoan, Tetrahymena pyriformis.!_ This is in contrast toa num- 
ber of studies carried out on the purine and pyrimidine growth require- 
ments of the organism in synthetic media with labeled and non-labeled 
substrates. Thus, it has been shown that Tetrahymena requires an exog- 
enous source of guanine (5) (guanosine, guanylic acid), and that xanthine 
(5) and xanthosine (6) are nutritionally inert. While such growth experi- 
ments constitute an important approach to the metabolism of nucleic acid 
intermediates, strong supporting evidence for the occurrence of various 
purine interconversions may be obtained by the demonstration of specific 
enzymes in extracts of the organisms. 

The purpose of the present study is to survey cell-free preparations ob- 
tained from 7’. pyriformis for the presence of several purine-metabolizing 
enzymes known to occur in vertebrates, invertebrates, and microorganisms, 
and to determine some of the properties of these enzymes. 


Methods 


Cultures and Preparation of Homogenates—These procedures were per- 
formed exactly as described previously (7). 

Enzyme assays were carried out essentially according to the spectro- 
photometric principles outlined by Kalckar (8-10). For convenience, the 
components of each test system will be presented separately for each en- 
zyme in the section, ““Results.”” Reactions were followed in a model DU 
Beckman spectrophotometer fitted with a block in which water circulated 
from a constant temperature bath maintained at 24.8° + 0.2°. All re- 
actants except enzyme were incubated in the water bath prior to addition 


* This investigation was supported in part by a research grant (No. RG-4146(c)) 
from the National Institutes of Health, Public Health Service. A preliminary report 
of this work has appeared (1). 

‘T. pyriformis was formerly called 7’. geleii. 
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to cuvettes. Generally, the instrument was balanced by filling the refer- 
ence cuvette with a solution of sufficient absorption so that readings could 
be made on the experimental cuvettes with maximal accuracy. Nitrogen 
analyses on homogenates and extracts were performed in duplicate by a 
micro-Kjeldahl procedure. 

Materials—Adenosine, adenine sulfate, and guanine were products of 
the Nutritional Biochemicals Corporation. Inosine was obtained from 
the H. M. Chemical Company, Ltd., yeast adenylic acid from General 
Biochemicals, Inc., 5’-adenylic acid from the Pabst Laboratories, and 
deoxyadenosine and adenine from the California Foundation for Bio- 


TABLE I 
Adenosine Deaminase Activity in Preparations of T. pyriformis S 

In Series 1, two homogenates were centrifuged at 6600 X g (Spinco, rotor No. 30, 
calculated for the bottom of the tubes) for 15 minutes to yield a residue and super- 
natant fluid A. In Series 2, four other homogenates were centrifuged at 60,000 X g 
for 1 hour to yield a residue and supernatant fluid B. Data for the residues, which 
contained only slight activity, are not given. The age of all the cultures used was 2 
days. Assays on fractions were performed as described in the text. The values in 
parentheses represent, for Series 1, the actual figures obtained for the two homog- 
enates, and, in Series 2, the range. 

















Series No. Fraction Specific activity* Ratio, supernatant Haid 
1 Homogenate 0.116 (0.102, 0.130) | 1.40 (1.37, 1.43) 
Supernatant fluid A 0.162 (0.145, 0.178) 
2 Homogenate 0.094 (0.080-0.119) 2.40 (1.90-3.00) 
Supernatant fluid B 0.225 (0.210-0.243) 





* Micromoles of adenosine deaminated per minute per mg. of N. 


chemical Research. The identity of all compounds was verified spectro- 
scopically when feasible. Xanthine oxidase was prepared by the Worth- 
ington Biochemical Corporation from milk according to the method of Ball 
(11), and supplied as a suspension in saturated ammonium sulfate. 


Results 


Adenosine Deaminase—Cell-free homogenates prepared from cultures of 
T’.. pyriformis S and W are capable of deaminating adenosine rapidly. In 
Table I, data are presented for the specific activity of the enzyme in prep- 
arations obtained from cultures of the § strain. The activity of eight 
different homogenates (including those listed in Table I) averaged 0.1 
umole of adenosine deaminated per minute per mg. of nitrogen. The re- 
action rate has been found to be essentially the same, whether carried out 
in glycylglycine or phosphate buffer. For optimal conditions, the follow- 
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ing components were added to the cuvette: 0.2 umole of adenosine, 1 ml. of 
0.1 m KH,PO.-K,HPO, buffer, pH 7.4, water to make a volume of 3 ml., 
and a suitable dilution of enzyme. If enzyme preparations were diluted 
to give optical density changes of 0.020 or less per minute, rates were found 
to be linear for at least 10 to 15 minutes. Under these conditions, the 
measured activities were proportional to the amount of enzyme present. 
Generally, readings were taken at 1 or 2 minute intervals for 5 to 10 min- 
utes by following the decrease in optical density at 265 my or the increase 
at 240 my. By using the optical constants reported by Kalckar for 
adenosine (9) and inosine (8), it could be calculated that, for each micro- 
mole of adenosine deaminated, 1 umole of inosine was formed. Further 
proof of the reaction involved was obtained by the spectrophotometric 
identification of the reaction product as inosine. This was possible be- 
cause, in the absence of inorganic phosphate, inosine is cleaved at a negli- 
gible rate by these preparations. 

Adenosine deaminase activity of aqueous homogenates of 7’. pyriformis 
S$ and W is associated with the soluble protein fraction of these prepara- 
tions. The enzyme is resistant to sedimentation by centrifugation at. 
60,000 X g for 1 hour; the particulate material that separates is virtually 
free of the deaminase. From the data presented in Table I, it can be seen 
that this procedure results in a 2- to 3-fold increase in specific activity. 

In preliminary experiments on the partial purification of the enzyme, it 
has been found that most of the adenosine deaminase precipitates between 
30 and 60 per cent saturation with ammonium sulfate. Protein concen- 
tration of the purified fractions was estimated from the absorption at both 
260 and 280 my (12). A 10-fold increase in specific activity over the orig- 
inal homogenate has been obtained in the supernatant fluid of extracts half 
saturated with ammonium sulfate. The use of brief heat treatment as an 
aid to purification was not feasible. After heating supernatant fluid (ob- 
tained by centrifuging homogenate at 60,000 X g for 30 minutes) for 5 
minutes at 45°, 50°, and 65°, and then cooling, adenosine deaminase 
activity was lost to the extent of 13, 69, and 99 per cent, respectively. 
These results were not greatly altered by heating in the presence of 0.60 
umole of adenosine. 

A partially purified preparation of adenosine deaminase was employed 
to measure the pH optimum of the enzyme (Fig. 1). In 0.033 m phosphate 
buffer, deaminase activity is optimal from pH 7 to 7.5, although 75 to 
80 per cent of the activity remains over the pH range 8.5 to 6. 

Cell-free homogenates have been used to study the deamination of 5’- 
adenylic acid, yeast adenylic acid (probably a mixture of the 2’ and 3’ 
isomers), and deoxyadenosine. At pH 7.4, all of these compounds have 
similar ultraviolet absorption spectra; hence, their deamination can also 
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be observed at 265 mu. In Fig. 2, it can be seen that adenosine is deam- 
inated much more rapidly than the nucleotides. With three different 
homogenates, the deamination rate of adenosine exceeded that of yeast 
adenylic acid by three to six times and that of 5’-adenylic acid by twelve 
to seventeen times. It cannot be determined from these data whether 
the deamination of the nucleotides occurs prior or subsequent to their de- 
phosphorylation. However, when the deamination of the nucleotides was 
studied in 0.067 m phosphate rather than in glycylglycine buffer, both reac- 
tions were markedly inhibited. Since phosphate has no effect on adenosine 
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Fig. 1. Effect of pH on the activities of Tetrahymena adenosine deaminase (@) 
and purine nucleoside phosphorylase (O). For adenosine deaminase, each cuvette 
contained 0.033 m phosphate buffer, except for 0.033 m pyrophosphate at pH 9.15. 
For purine nucleoside phosphorylase, each cuvette contained 0.033 m phosphate 
buffer; at pH 8.76, 0.033 m glycine buffer was also present. All pH data are the final 
values measured immediately after the last readings were taken. 


deaminase activity and is known to be a potent inhibitor of 3’-nucleotidase 
(13), it seems likely that the observed deamination of the adenylic acids was 
preceded by dephosphorylation. However, the presence in these prepara- 
tions of adenylic acid deaminases cannot be excluded. In other experi- 
ments not described here, nucleotidase activity towards both 5’- and yeast 
adenylic acids has been demonstrated. The existence in 7. pyriformis E 
of a phosphatase active towards yeast adenylic acid at pH 5 and, to a slight 
degree, at neutrality has been reported (14). 

The deamination of deoxyadenosine by homogenates of 7’. pyriformis S 
is also a property of the soluble fraction of the preparations. Based on 
data obtained by examination of nineteen cultures of varying ages, there 
is a definite correlation between the ratio of deamination of adenosine to 
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deoxyadenosine and the age of the culture. The activities towards adeno- 
sine and deoxyadenosine are presented in Table II. Where nitrogen analy- 
ses were performed, the activities are expressed in terms of nitrogen (spe- 
cific activity); otherwise, they are referred to simply as optical density 
changes (units). It can be seen that the ratio of deamination of adenosine 
to deoxyadenosine ranged from 2.0 to 4.2 in homogenates prepared from 
12 to 48 hour-old cultures, but fell to 1.0 to 1.3 in preparations obtained 
from 3, 4, and 5 day-old cultures. The lowered ratios result from an in- 
creased rate of deoxyadenosine deamination and a decreased rate of adeno- 
sine deamination. The specific activities towards both compounds appear 
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Fie. 2. Comparative rate of deamination of 0.23 umole of adenosine (O), 0.20 
umole of 5’-adenylic acid (A), and 0.20 umole of yeast adenylic acid (@), studied 


at 265 mp. Each cuvette contained 0.033 m glycylglycine buffer, pH 7.4, and 0.025 
ml. of Tetrahymena homogenate. 





to be low in cultures less than 24 hours old. The changing ratio may be of 
significance with respect to the growth cycle of the organism. Further, 
the data suggest that two different enzymes are involved in the deamina- 
tion of adenosine and deoxyadenosine. This question has been approached 
through the use of a mixture of the two substrates at saturating levels of 
each. The observed changes in optical density were, for 0.1 um adenosine, 
0.083; for 0.1 um deoxyadenosine, 0.065; and for 0.1 um adenosine plus 0.1 
um deoxyadenosine, 0.089. Similar results have been obtained with 2 
and 3 day-old cultures. The fact that the activities are not additive argues 
against the hypothesis that two enzymes are present. However, since it 
is possible that the two compounds act competitively, no definitive con- 
clusion can be drawn from the addition studies as to whether more than one 
enzyme is involved. Brady (15), in an effort to resolve this problem with 
mammalian preparations, concluded that a single enzyme operates. Al- 
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though kinetic studies, including the careful determination of Michaelis- 
Menten constants, might yield further information on this point, absolute 


TaBLe II 


Comparison of Adenosine and Deoxyadenosine Deaminase Activities of Homogenates 


Age of culture* 


Prepared from T. pyriformis S Cultures of Different Ages 





Specific activityt 





adenosine 


Ratio, ———_.—__ 
* deoxyadenosine 























Adenosine Deoxyadenosine 
hrs. ZZ 
12 0.060 0.019 3.09 
19 0.077 0.018 4.19 
day 
1 | 0.109 0.036 3.00 
1 | 0.115 0.052 2.23 
1 | 0.166 0.047 3.57 
days | 
2 | 0.112 0.056 2.00 
2 0.130 0.062 2.08 
2 0.126 | 0.060 2.28 
3 0.078 0.060 1.30 
4 0.085 (0.067 1.27 
5 ().087 0.077 1.13 
5 0.061 0.059 1.03 
7 | 0.049 0.035 1.38 
Unitst 
2 73 | 20 3.65 
3 130 | 109 1.19 
3 60 53 1.13 
4 109 98 1. 
4 152 142 1.07 
4 155 | 138 | 1.12 











* All the cultures were inoculated from 2 day-old stock. 
+ Micromoles of adenosine or deoxyadenosine deaminated per minute per mg. of 


N 


t 1 unit is equal to a change in optical density of 0.001 at 265 mu. 


proof that two enzymes are involved must await their isolation in pure 
form. Attempts are being made to separate the two activities in protozoan 


preparations. 


Previous experience with two particulate respiratory enzyme systems 
present in cell-free homogenates of Tetrahymena, reduced diphosphopyri- 
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dine nucleotide oxidase (16) and succinic oxidase,’ indicated that they were 
unusually unstable on standing at 2°. It therefore was of interest to de- 
termine the effect of storage on the activity of the soluble hydrolytic en- 
zyme, adenosine deaminase. In both homogenates and supernatant 
fractions, the enzyme retains 50 to 80 per cent of its initial activity on 
standing at 2° for 48 hours. The effect of storage in the frozen state was 
also investigated. Homogenates prepared from two different cultures of 
T. pyriformis S were assayed immediately and frozen. At varying inter- 
vals after their preparation, the homogenates were thawed, assayed, and 
refrozen within 30 to 60 minutes. Under these conditions, the enzyme is 
stable for at least a week, and about half the activity remains after 9 
months. 

Purine Nucleoside Phosphorylase—\Klein (17) reported that preparations 
of purine nucleosidase from beef spleen, which were inactivated by dialysis, 
could be restored by the addition of phosphate or arsenate. Kalckar (10) 
showed that this was due to the phosphorolytic nature of the enzyme- 
catalyzed reaction. More recently, the presence of hydrolytic enzymes 
for the cleavage of nucleosides has been described in yeast and bacteria 
(18-20). With inosine as a substrate, purine nucleoside phosphorylase 
activity has been demonstrated in preparations obtained from 7’. pyriformis 
S and W. The hypoxanthine formed by splitting the nucleoside bond 
was converted to uric acid by purified xanthine oxidase added in excess, 
and the uric acid was measured by its appearance at 292.5 mu. When 
inosine, xanthine oxidase, and phosphate buffer were mixed in a cuvette, 
no change in absorption at 292.5 my was observed. Upon the addition of 
protozoan homogenate, uric acid formation was detected immediately. 
The phosphorolytic nature of this change is indicated by the fact that, if 
the reaction is carried out in the absence of inorganic phosphate (glycyl- 
glycine buffer), the observed rate is only 5 to 10 per cent of that found in 
phosphate buffer. Similar figures have been reported for the mouse liver 
enzyme (21). For optimal activity, each experimental cuvette contained 
1 pmole of inosine, 1 ml. of 0.1 m KH2:PO.-K2HPO, buffer, pH 7.4, an excess 
of purified xanthine oxidase, Tetrahymena preparation diluted to give a 
change in optical density of about 0.020 or less per minute, and water to 
make a volume of 3 ml. The amount of xanthine oxidase protein to be 
added obviously depends upon the activity of individual preparations. 

tyanide, previously used in this test system with liver to block uricase 
(21), is not required. Generally, readings were taken at 1 minute intervals 
for 5 to 7 minutes. Under the conditions described here, the rates were 
linear during this period, and the measured activities were proportional to 
the amount of enzyme present. 


? Kichel, H. J., unpublished data. 
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Table III enumerates data for the specific activity of purine nucleoside 
phosphorylase in preparations obtained from 2 to 6 day-old cultures of 
T. pyriformis S and W. The activity was recovered completely in the 
supernatant fraction of aqueous homogenates subjected to centrifugation 
at 60,000 X g for 1 hour. This treatment resulted in a 2.5-fold increase 
in specific activity of the supernatant fluid, compared to that of the whole 
homogenate. 

The effect of pH on this enzyme is presented in Fig. 1. Nucleoside phos- 
phorylase has a sharper optimum than adenosine deaminase; it occurs at 
about pH 7.4. At pH 6.5 and 8.5, only 70 and 45 per cent of the activity 


Tase III 
Purine Nucleoside Phosphorylase Activity in Preparations of T. pyriformis S and W 


In experiments with the S strain, homogenates prepared from nine different cul- 
tures (2 to 6 days old) were centrifuged at 60,000 X g for 1 hour to yield a residue 
and supernatant fraction. With the W strain, homogenates from three differ- 
ent cultures (2 to 5 days old) were prepared and one of these was centrifuged at 
60,000 X g for 1 hour to yield a residue and supernatant fraction. The superna- 
tant fluid-homogenate ratio is for this preparation. Residues contained no meas- 
urable activity. Assays on all fractions were performed as described in the text. 
The values in parentheses represent the range. 








Strain Fraction Specific activity* Ratio, ea 
Ss Homogenate 0.108 (0.094-0.126) 2.53 (2.35-2.86) 
Supernatant fluid 0.273 (0.245-0.350) 
W Homogenate 0.086 (0.075-0.094) 2.51 
Supernatant fluid 0.223 














* Micromoles of uric acid formed per minute per mg. of N. 


remain, respectively. When homogenates are stored in the frozen state 
and subjected to several cycles of thawing and refreezing, the enzyme is 
stable for at least a month. In two preparations tested under these con- 
ditions, a 35 per cent increase in activity was observed. Several homogen- 
ates stored for a day at 2° have also shown increased activities. A 5 per 
cent activation by freezing has been reported for monkey brain nucleoside 
phosphorylase (22). 

Adenase and Guanase—Assays for these enzymes were set up with the 
specific substrate, several levels of homogenate prepared from 7’. pyriformis 
S and W, phosphate or glycylglycine buffers at various pH values, and 
water to make a final volume of 3 ml. The absence of adenase (glycylgly- 
cine or phosphate buffer, pH 7.5; adenine or adenine sulfate) from these 
preparations was demonstrated by (1) the failure to detect the formation 
of hypoxanthine at 240 mip, (2) the stationary 265 my peak of adenine, and 
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(3) the lack of uric acid formation (292.5 my) in systems supplemented with 
purified xanthine oxidase and cyanide. This is in disagreement with the 
statement by Kidder (23) that an active adenase is present in 7’. pyri- 
formis. From the viewpoint of comparative biochemistry, it is of interest 
that the tissues of many higher animals do not have enzymes capable of 
deaminating free adenine, while extracts of certain lower animals, such as 
Crustacea and insects, contain adenine deaminases, but lack enzymes 
which deaminate adenosine (24, 25). Thus, in so far as its deaminating 
capacities towards adenine and adenosine are concerned, Tetrahymena re- 
sembles higher animals more closely than the lower forms. The presence 
of guanase (pH 7.5) was also ruled out by the absence of uric acid formation 
in mixtures fortified with purified xanthine oxidase and cyanide and by the 
stationary 250 my peak of guanine. Guanase was readily detected in rat 
liver homogenates by both of these procedures. 


DISCUSSION 


Of four purine-metabolizing enzymes known to occur in the tissues of 
various animals, only two, adenosine deaminase and purine nucleoside 
phosphorylase, were detected in Tetrahymena. Thus, this organism is 
incapable of effecting the direct deamination of the purine bases, guanine 
and adenine. Although cell-free homogenates deaminate 5’- and yeast 
adenylic acids, the presence of nucleotidases active towards both substrates 
makes it difficult to determine whether adenylic acid deaminases are 
present or whether the measured activities reflect the action of phospha- 
tases plus adenosine deaminase. 

It is of interest to compare some of the properties of adenosine deaminase 
and purine nucleoside phosphorylase of Tetrahymena with those of the two 
enzymes present in other tissues. From aqueous homogenates of the 
ciliate and of mouse liver (21), both enzymes are recovered almost com- 
pletely in the supernatant fraction after high speed centrifugation with a 
subsequent increase in specific activity of 2 to 3 times that of the original 
homogenate. It should be pointed out that in vivo these soluble purine- 
metabolizing enzymes may actually be localized in the protozoan nucleus 
rather than in the cytoplasm, for Stern and Mirsky (26) have shown that 
both enzymes are present in the nucleus of the calf liver cell when the latter 
is fractionated in non-aqueous media. The fact that the enzymes are 
found in the cytoplasm when the mammalian nuclei are separated from 
sucrose homogenates would suggest that they are washed out of the nuclei 
when the latter are suspended in aqueous solutions. 

The pH-activity curves of adenosine deaminase from different sources 
are remarkably similar. Kalckar reported (10) that the purified enzyme 
from calf intestinal mucosa is active over a wide range and has a pH 











218 PURINE-METABOLIZING ENZYMES 


optimum near neutrality. According to Mitchell and McElroy (27), 
adenosine deaminase of the mold Aspergillus oryzae exhibits a broad zone 
of optimal activity from pH 5 to 8 in phosphate buffer. Adenosine de- 


TaBLe IV 


Summary of Data in Literature on Activities of Adenosine Deaminase and Purine 
Nucleoside Phosphorylase from Different Sources 








Purine 
Source | Type of preparation | Adenosine | Reference in | nucleoside | Reference in 
ylase 
umoles* pmolest 
per min. per min. 
per mg. N per mg. N 
Mouse liverf..... Homogenate 0.028 (21) 0.192 (21) 
Rat liverf........ “ 0.012 (32) 0.376 (32) 
** spleenf...... “ 0.130 Hichel, un- | 0.498 (32) 
published 
Monkey brainf... si 0.229 (22) 
A. oryzae§....... Dry bran 0.00016 (27) 
Calf intestinal 
mucosa§...... Acetone extract | 1.496 (15) 
Germinating bar- 
ley§...........| Partially puri- | 0.006 (29) 
fied prepara- 
tion of deoxy- 
ribonuclease 
T. pyriformist...| Homogenate 0.095 This paper | 0.102 | This paper 
Rabbit spleen§...| Water extract | 0.086 (30) 
“© liver§.... - si 0.008 (30) 
‘*  appen- 
ee “ as 0.128 (30) 
Bakers’ yeast§...| Autolysate 0.094 (19) 
Chick embryo 
liver (21 days)§.| Phosphate ex- | 0.018 (33) 
tract 




















* Adenosine deaminated. 

¢ Uric acid formed. 

t Data represent the figures of the author. 

§ Data have been calculated from the figures of the author. 


aminase activity of Neurospora (28) is optimal at pH 7.2 but declines 
rapidly at 6.5 and 8.0. Brawerman and Chargaff (29) described an adeno- 
sine deaminase in purified deoxyribonuclease preparations from barley, 
the pH-activity curve of which closely resembles that of the protozoan 
enzyme. Similar results were observed by Conway and Cooke (30) for 
the deaminase of laked rabbit blood. A pH optimum of 8.8 has been 








noted 
purin 
that 
Hepp 
also | 

Da 
and ] 
crude 
Table 
a sin 
made 
ture | 
a COr 
Of th 
aden 
inclu 
origil 
source 
comp 
tissut 
starti 
inase 

It 
occul 
How 
age | 
times 


ing 
micr 


side 
of ad 


acid 
dean 
orga: 


—- Se 2 





H. J. EICHEL 219 


noted for the Escherichia coli enzyme (31). The pH-activity curve of 
purine nucleoside phosphorylase of Tetrahymena differs very little from 
that of the soluble monkey brain enzyme described by Robins et al. (22). 
Heppel and Hilmoe (19) reported that yeast nucleoside phosphorylase 
also has a pH optimum near 7.0. 

Data from the literature relating to the activities of adenosine deaminase 
and purine nucleoside phosphorylase in homogenates, extracts, or other 
crude preparations obtained from various sources have been compiled in 
Table IV. All activities have been converted from their original units to 
a single method of expression; in some cases, certain assumptions were 
made regarding the nitrogen content of the tissue used and the tempera- 
ture coefficients of the enzymes. Hence, in those instances in which such 
a conversion has been made, the specific activities are only approximate. 
Of the thirty-six rabbit tissues examined by Conway and Cooke (30) for 
adenosine deaminase, three figures representative of the range have been 
included in Table IV. Except for calf intestinal mucosa, which is the 
origin of Kalckar’s purified adenosine deaminase and is by far the richest 
source of the enzyme, the activity of Tetrahymena adenosine deaminase 
compares favorably with the levels found in the more active mammalian 
tissues. These data suggest that the protozoan might serve as an excellent 
starting material for the preparation of highly purified adenosine deam- 
inase. 

It should be noted that, in the protozoan, the phosphorolysis of inosine 
occurs at the same rate as does the formation of inosine from adenosine. 
However, in rat and mouse liver and in rat spleen, the rate of inosine cleav- 


age exceeds that of adenosine deamination by from four to thirty-two 
times. 


SUMMARY 


1. Cell-free homogenates of Tetrahymena pyriformis S and W were 
assayed spectrophotometrically for the presence of four purine-metaboliz- 
ing enzymes known to occur in many vertebrates, invertebrates, and 
microorganisms. 

2. These homogenates contain adenosine deaminase and purine nucleo- 
side phosphorylase, but adenase and guanase are absent. Some properties 
of adenosine deaminase and purine nucleoside phosphorylase are described. 

3. Deoxyadenosine, commercial yeast adenylic acid, and 5’-adenylic 
acid also undergo deamination by the ciliate homogenates. The ratio of 
deamination of adenosine to deoxyadenosine varies with the age of the 
organisms, suggesting that two different enzymes are involved in the 
deamination of the two nucleosides. 
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THE IDENTIFICATION OF Ciy STEROIDS IN BOVINE FECES* 
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Some years ago it was discovered that sexually mature and pregnant 
dairy cows excrete large quantities of androgen in their feces, whereas 
sexually mature bulls do not. Asa result of this anomalous situation, the 
androgenic factors in bovine feces have been studied extensively during the 
past decade (1-4). These investigations included the extraction of the 
androgens from dried feces (5) and the determination of the neutral ketonic 
non-alcoholic character of the androgens (6). Recent studies indicate that 
bovine fecal androgen may be increased by the injection of progesterone.! 
For this reason a pregnant cow which had been injected with progesterone 
was used in these studies in order to provide a maximal concentration of 
progesterone by utilizing both endogenous and exogenous sources. This 
facilitated identification by providing a peak concentration of the androgens 
in the feces. 

This paper describes the further fractionation and purification of a neu- 
tral ketonic non-alcoholic extract from the feces of a progesterone-injected 
pregnant cow and the identification of androstane-3 , 17-dione, etiocholane- 
3,17-dione, A‘-androstene-3 ,17-dione, and A'-+-androstadiene-3 , 17-dione. 


EXPERIMENTAL 


Extraction and Fractionation of Fecal Androgen—1 gm. of progesterone 
in olive oil was administered subcutaneously daily for 5 successive days to 
a Jersey cow in the 7th month of pregnancy, and the urine-free feces were 
collected during this period. 6 kilos of the desiccated feces were extracted 
with ethyl] ether in a continuous extraction apparatus. The ether extracts 
were discarded, since they were shown at this stage to be androgenically 
inactive, as determined by the chick feeding method previously described 
(7). The residues in the extraction apparatus then were extracted with 

* Contribution from the Missouri Agricultural Experiment Station, Journal Series 
No. 1527. Approved by the Director. 


¢ This investigation was supported in part by a research grant (No. C-440) from 
the National Cancer Institute of the National Institutes of Health, United States 
Public Health Service. 


1 Miller, W. R., and Turner, C. W., Proc. Soc. Exp. Biol. and Med., 90, 142 (1955). 
221 











Cig STEROIDS IN BOVINE FECES 


95 per cent ethanol. The ethanol was removed by distillation, and the 
resulting biologically active residues were extracted by refluxing with sev- 
eral portions of ethyl ether. The biological activity at this stage was found 
in the ether-soluble material (5).? 

The ether-soluble material was separated into the neutral and acidic 
fractions in the usual manner (8), and the androgens in the neutral fraction 
were further purified by adsorption on bentonite from an ether solution. 
After filtering the adsorbed matter, the androgens were eluted with meth- 
anol. This adsorption process effected a 68 per cent decrease in total 
solids and a 70 per cent recovery (biologically estimated) of the androgens.’ 
The eluate was separated into the ketonic and non-ketonic fractions by 
means of Girard’s Reagent T (9). The androgenic ketonic fraction was 
separated into alcoholic and non-alcoholic constituents by heating with 
succinic anhydride in pyridine (10). The biologically active, non-alcoholic 
fraction was chromatographed on a column of Alumina, and 250 mg. of an 
androgenic fraction were eluted with an ethanol-carbon tetrachloride 
(2: 1000) solvent mixture (6). 

The 250 mg. eluate was rechromatographed on 20 gm. of aluminum 
oxide and the fractions were eluted with mixtures of benzene and increas- 
ing proportions of ether. The ether-benzene (1:9) eluate weighed 76 mg. 
and contained an amount of 17-ketosteroids equivalent to 21 mg. of an- 
drostane-3 ,17-dione, as determined by the modified Zimmermann reaction 
(11). A 40 per cent aliquot of this material was then sublimed in a high 

vacuum. The sublimate weighed 22 mg. and contained “8.5 mg. equiva- 
lents of androstane-3 , 17-dione” as measured by the Zimmermann reaction. 

Purification and Characterization of Fecal Androgens—The sublimate ex- 
hibited an infra-red spectrum in which many of the bands characteristic 
of A'-4-androstadiene-3,17-dione were present, although these were dis- 
torted by other material. A portion, 1.9 mg., was chromatographed on 
paper, the system cyclohexane-propylene glycol being used. Five sepa- 
rate spots were evident as well as some material which remained at the 
origin. The most polar of these spots moved at approximately the same 
rate as A'-+-androstadiene-3 ,17-dione, exhibited absorption in the ultra- 
violet region, and became stained with the Zimmermann reagent. The 
next less polar spot moved at approximately the rate of A‘-androstene- 
3,17-dione and also absorbed in the ultraviolet region and stained with the 
Zimmermann reagent. Two less polar spots exhibited absorption in the 


2 It is interesting to note that ethyl ether extracted the androgens from a purified 
residue (alcoholic extract), but not from the dried feces. Possible explanations of 
this phenomenon were previously presented (5). 

3 Bioassay of the ether extract after adsorption, and the adsorbed matter after 
elution, indicated that the androgen recovery could be increased by prolonged elu- 
tion of the adsorbed matter with methanol. 
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ultraviolet area but did not give a Zimmermann stain. The least polar 
substance was distinct but showed some overlapping with the next more 
polar material, did not absorb in the ultraviolet region, but was stained 
with the Zimmermann reagent. Thislast material moved at approximately 
the rate of androstane-3 , 17-dione. 

The remainder of the material was chromatographed on a partition type 
column in which silica gel, containing ethanol, served as the stationary 
phase, and the mobile phase was composed of 1 per cent ethanol dissolved 
in petroleum ether-methylene chloride (3:1) (12). In the order of their 
elution from the chromatogram, the following materials were obtained, 
and the infra-red spectrum of each was examined: (1) a very small amount 
of material with an infra-red spectrum different from any of the steroids 
in the collection of the Sloan-Kettering Institute; (2) small amounts of a 
mixture of two compounds not completely separated which were identified 
as androstane-3 ,17-dione and etiocholane-3 ,17-dione, since the infra-red 
spectrum of the recombined products was essentially identical with that 
of an x:y mixture of androstane-3 ,17-dione and etiocholane-3 , 17-dione; 
(3) a small portion containing A‘-androstene-3,17-dione slightly con- 
taminated with a non-steroid impurity; (4) a somewhat larger amount of 
A‘-androstene-3 ,17-dione, identified by its infra-red spectrum but some- 
what contaminated with the material following it; (5) an unknown ma- 
terial contaminated with A‘-androstene-3 ,17-dione, acetylation of which, 
obtained by recombining these fractions, did not materially change its 
infra-red characteristics; (6) the last substance eluted from the chromat- 
ogram, the major component of the mixture, was essentially pure A!-- 
androstadiene-3 ,17-dione, as judged by infra-red spectrometry. About 
5 mg. of this product were distributed among forty fractions. These were 
combined and sublimed in a high vacuum at 95°, yielding 1 mg. of oily 
forerun and 3 mg. of semicrystalline material. The crystalline material 
was recrystallized from acetone-petroleum ether, yielding crystals plus a 
small amount of oily material. The crystals melted from 141.5-143° (cor- 
rected) on the micro hot stage after slight softening at 140°. The melting 
point was unchanged after recrystallization from acetone-petroleum ether, 
and there was no depression upon admixture with an authentic sample of 
A'4-androstadiene-3 ,17-dione. The reported (13) melting point for this 
compound is 140-141°. The infra-red spectrum was identical with the 
reference compound. 


DISCUSSION 


The four Cy steroids, A'-*-androstadiene-3 ,17-dione, androstane-3 , 17- 
dione, etiocholane-3 ,17-dione, and A‘-androstene-3 ,17-dione, identified in 
cow feces are the first steroids to be characterized from this source. The 
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evidence for the presence of A'-4-androstadiene-3 ,17-dione is beyond dis- 
pute, since this entity was isolated in melting point-pure form and its 
identity securely established by infra-red spectrophotometry. The evi- 
dence for the presence of the other compounds is clear but not as complete, 
since the small amount of material available precluded isolation in crystal- 
line form and identification by conventional criteria. However, the infra- 
red evidence and the position in the chromatograms, both on paper and 
partition columns, leave little doubt as to the identity of the compounds. 
These compounds are known steroids, but A'‘-androstadiene-3 , 17-dione 
has not been isolated previously from natural sources. Androstane-3, 17- 
dione and etiocholane-3 ,17-dione have been isolated from human male 
and female urine (14). A*-Androstene-3 ,17-dione has been identified in 
bovine adrenals (15), human urine (14), human testis (16), and in dog 
spermatic vein blood (17). A'-Androstene-3,17-dione, an isomer of A‘- 
androstene-3 , 17-dione, has been isolated from human urine (18), and the 
suggestion was made that the A!- and A‘-steroids may be intermediates in 
the transition of an aliphatic ring A to an aromatic ring, possibly through 
the A!4-diene-3-one, which had not been isolated from natural sources at 
that time. 

The metabolic transformation of progesterone described in these experi- 
ments bears a striking resemblance to the microbiological results obtained 
by Vischer and Wettstein (19) and Fried, Thoma, and Klingsberg (20). 
These investigators reported that progesterone in the presence of Fusarium 
solani, Fusarium caucasicum, or Streptomyces lavendulae was converted in 
very good yield to A'4-androstadiene-3 ,17-dione. It would seem pertinent, 
therefore, to draw attention to the relatively large amount of endogenous 
and exogenous progesterone in the animal and the possibility that some of 
this unaltered hormone may have reached the gastrointestinal tract, per- 
haps through biliary excretion. There it could have been converted to the 
identified excretory products by the organisms of the gastrointestinal tract 
and eliminated in the feces. While this interpretation is admittedly specu- 
lative, it is in accord with the experimental results. 

Transformation of progesterone to one or another of these androgenic 
compounds by the tissues of the cow must likewise be considered as a possi- 
bility. It could be suggested that progesterone was first metabolized to 
A‘-androstene-3 ,17-dione and that this compound in turn was eliminated 
as such, or further metabolized. The additional unsaturation in ring A 
in the major product might then have resulted from the introduction of a 
hydroxyl group, followed by dehydration either in vivo or in the course of 
isolation of the compounds. Since additional experimental evidence is 
required to establish the correctness of these or other alternatives, it is 
sufficient to draw attention to some of the more immediate possibilities. 
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The authors are grateful to Dr. T. F. Gallagher for his help. The infra- 
red measurements and interpretations were made by Friederike Herling, 
to whom we express our thanks. 


SUMMARY 


1. Following the administration of progesterone to a pregnant cow, 
androstane-3 ,17-dione, etiocholane-3,17-dione, and A‘-androstene-3 ,17- 
dione have been identified in the feces by paper and column partition 
chromatography and infra-red absorption. A!4-Androstadiene-3 , 17-dione 
was isolated in crystalline form and identified by melting point, mixed 
melting point, and infra-red absorption. 

2. These compounds are known steroids but are the first to be identified 
in the feces of any species, and this is the first report of the isolation of 
A'4-androstadiene-3 ,17-dione from natural sources. 
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The nature of adrenaline oxidation in vivo has been the subject of numer- 
ous investigations, and two potential mechanisms have been considered. 
One would involve the action of tissue amine oxidases (1) which oxidize 
the side chain; however, there is at present some doubt about the biological 
significance of this mechanism (2). The other possibility is the catalytic 
oxidation of adrenaline by metal ions to form the corresponding o-quinone 
which undergoes ring closure, yielding the N-methylindolequinone, adreno- 
chrome. Among the metal ions which catalyze this reaction are Mn*, 
Cot, Ni**, Cu**, and Fe*** (8). The protein, ferritin, contains an un- 
usually large amount of iron, mostly in a chemically unreactive state, pre- 
sumably as colloidal iron hydroxide-iron phosphate micelles (4). Our 
studies have revealed that a small proportion of ferritin iron is capable of 
dissociation and combination with iron-binding agents. This ‘‘active’’ 
form of iron may exist in the ferrous or ferric state; the ferrous iron is 
stabilized by bonding to the protein via sulfhydryl groups (5). The pres- 
ent study concerns the behavior of ferritin as a catalyst for the oxidation of 
adrenaline in the presence of H2O>. 

Ferrous iron reacts with H,O, to give Fenton’s reagent (6), a strong 
oxidizing agent by virtue of the formation of hydroxyl radicals (7). The 
effect of the protein moiety of ferritin on the availability of its iron for 
reaction with H,O, has been studied by comparison with the inorganic 
system in the oxidation of adrenaline to adrenochrome. 


EXPERIMENTAL 


Methods—aAll glass-ware was carefully washed, rinsed with HCl, water, 
and glass-distilled or ion exchange water. Solutions were prepared with 
ion exchange water. Adrenaline was suspended in water, dissolved by the 
addition of a minimum of 10 per cent acetic acid, and diluted to volume. 


* Aided by research grants from the Josiah Macy, Jr., Foundation, the National 
Institutes of Health, United States Public Health Service (grant H-79), the Armour 
Laboratories, the Research and Development Division, Office of the Surgeon Gen- 


eral, Department of the Army (contract No. DA-49-007-MD-388), and the Postley 
Fund. 


t Deceased, January 6, 1956. 
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Solutions of Fe++ were prepared by dissolving ferrous ammonium sulfate 

in water containing 0.5 ml. of 10 per cent acetic acid per 50 ml. of solution. 

Solutions of Fe+++ were prepared from ferric chloride dissolved in water 

containing a few drops of HCl and analyzed for iron. The solutions were 

kept cold and diluted immediately before use. Solutions of H,O2 were 

prepared from a chilled stock 30 per cent solution. Ferritin was prepared, 

as described previously (8), and diluted with water. 

The course of oxidation of adrenaline to adrenochrome was followed by 
noting changes in optical density of the solutions in a Beckman spectro- 
photometer equipped with a water-circulating chamber for maintenance of 
constant temperature. Reagents were mixed in 50 ml. Erlenmeyer flasks, 
incubated in a water bath until temperature equilibration had taken place, 
and the last solution (iron or peroxide) added at zero time. The mixture 
was shaken and quickly poured into the appropriate cuvette, previously 
stored in the Beckman compartment maintained at the same temperature. 
Readings were taken at desired intervals of time against a blank contain- 
ing all reagents except Fe** or ferritin. 

Reaction of Adrenaline with Fe** and H,0.—Reaction mixtures were pre- 
pared containing 3.0 ml. of 1 m acetate buffer, pH 4.5, 3.0 ml. of adrenaline 
solution, 3.0 ml. of H,O2, and 3.0 ml. of water. After preliminary incuba- 
tion in a water bath to achieve temperature equilibrium, 3.0 ml. of the 
Fet* solution were added to the experimental flasks, and 3.0 ml. of water 
to flasks which served as controls to measure the extent of reaction of 
adrenaline with peroxide. The mixtures were shaken, poured into cu- 
vettes, and optical densities of the experimental solutions read against the 
appropriate control which was set at zero optical density. By this method, 
the molar ratio of H,O.-Fe** required to give optimal oxidation rates was 
found to be 8090. With a fixed optimal ratio of H,O.-Fe**, a maximal 
reaction velocity was observed at a concentration of 3.3 mm adrenaline. 
Fig. 1 presents a series of straight lines obtained when a fixed quantity of 
adrenaline was allowed to react with varying quantities of catalyst mixture, 
with the ratio of H,O.-Fe+* kept constant at 8090. The kinetics indicate 
that the extent of color development, as an index of adrenaline oxidation 
to adrenochrome, is proportional to time. 

Comparison of Fe+** with Fe-*+—Experiments were carried out with equal 
concentrations of Fe+++ and Fe*+ (3.3 um) at constant concentrations of 
HO, (7080 um) and adrenaline (3.3 mm). The concentration of H,0, 
was purposely kept below the optimal value so as to minimize any reducing 
action on Fe+++. Despite this precaution, although it starts more slowly, 
Fet+ soon achieves a reaction velocity equal to Fe+*. This is due to the 
reduction of Fe+*++ to Fet* by H,O, and is easily shown by adding H,0; to 
a mixture of Fet++ and a,a’-dipyridyl under similar conditions. The 








ps 


Fi 
tions 
Curv 
are e 

Fi 
mixer 
ferrit 
Curv 
D, pr 
tion « 
of fer 


was | 
iron. 
lag p 
tion 

respe 
How 
of on 
indic. 


A. MAZUR, 8S. GREEN, AND E. SHORR 229 


progressive formation of the colored Fe++-dipyridyl complex is reflected in 
the increase in optical density of the solution at 520 my, the absorption 
maximum for this complex. 

Reaction of Adrenaline with Ferritin and H,O.—In Fig. 2 appear the re- 
sults obtained when ferritin was substituted for inorganic iron. Curve A 
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as Fie.2. Reaction of ferritin with adrenaline at pH 4.5; Curve A, ferritin and H.O, 
1a] mixed with adrenaline and buffer just prior to reading; Curve B, preincubation of 
ne. ferritin with acetate buffer for 20 minutes prior to addition of adrenaline and H,0.; 
of Curve C, same as Curve B but 60 minute preincubation with acetate buffer; Curve 
‘ D, preincubation of ferritin with adrenaline and buffer for 20 minutes prior to addi- 
re, 


tion of H:02; Curve E, apoferritin at a concentration of total N equivalent to that 
ate of ferritin. 


ion 

was obtained by mixing all the reagents as for experiments with inorganic 
ual iron. A lag period in the early stages of the reaction was observed. This 
: of lag period could be partially eliminated, in Curves B and C, by preincuba- 
202 tion of ferritin in the presence of acetate buffer for 20 and 60 minutes, 
ing respectively, before adding adrenaline and H.O, to start the reaction. 
vly, However, in the presence of ferritin and adrenaline, a preincubation period 
the of only 20 minutes was sufficient to eliminate the lag period entirely, as 
2 to indicated in Curve D. Curve E is the result obtained by using apoferritin 
The instead of ferritin at equivalent protein concentrations. Its activity, 
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compared with that of Curve D, is extremely low and emphasizes the rdéle 
of the iron in ferritin in this reaction. 

Variation of HO, Concentration in Ferritin Reaction—The effect of vary- 
ing amounts of H.O, on the reaction of adrenaline with ferritin was meas- 
ured. A concentration of 5.3 um H.O, yielded a straight line for the reac- 
tion velocity-time plot for a mixture containing 3.3 mM adrenaline (optimal 
concentration). In this reaction the ferritin used contained 61.6 y of total 
iron. ‘The activity obtained with this quantity of ferritin was found to be 
equivalent to that produced by 2.23 y of Fe**. It would therefore appear 
that 3.6 per cent of the total iron in ferritin was available or “active,” 
assuming that the behavior of ferritin-iron and Fet* is quantitatively the 
same. 

Identity of Reaction Product with Adrenochrome—Absorption spectra were 
determined for adrenaline, adrenochrome prepared from adrenaline by 
silver oxide oxidation (9), and the pink compounds formed from adrenaline 
by the action of Fe+* or ferritin and H,O2. It was found that the oxidation 
of adrenaline by Fe** or ferritin and H,O, produced a compound with an 
absorption maximum at 480 my, identical with that of synthetic adreno- 
chrome. 

Effect of pH and Buffer Concentration—In Fig. 3 appear the relative ac- 
tivities of ferritin when allowed to react with H,O, and adrenaline in sodium 
acetate-acetic acid mixtures containing the same concentration of sodium 
acetate but at different pH values. The activity decreases as the pH is 
increased, and falls almost to zero at pH 6.0. Similar results were obtained 
with Fe++. 1t can be seen that the shape of the activity-pH curve (Fig. 
3) is quite similar to the acid dissociation curve of acetic acid. Experi- 
ments were carried out to study the effect of various concentrations of 
acetate buffer on the activity of Fet*+, with the result that activity de- 
creases as the buffer concentration decreases. The same relationship was 
found for ferritin. The significance of these results is discussed below. 

Effect of Inhibitors—The effect of oxalate as an iron complex-form- 
ing agent was tested. With the standard optimal system containing 10.266 
mg. of ferritin total iron per liter, 43 per cent inhibition was observed at a 
final concentration of 0.02 mm oxalate, whereas at 0.2 mm, an inhibition 
of 87.5 per cent resulted. 

A reaction mixture containing 10.266 mg. per liter of ferritin total iron 
was also tested in the presence of ethylenediaminetetraacetic acid (EDTA). 
An inhibition of 50 per cent was obtained at a final concentration of 2.69 
uM EDTA. We next determined the concentration of inorganic ferrous 
iron, together with the optimal concentration of hydrogen peroxide, which 
would be similarly inhibited to the extent of 50 per cent by the same amount 

of EDTA. This was shown to occur at a concentration of 0.292 mg. per 











lite’ 
of 1 
for 


vel 
cats 
case 


Optical Density (480 my) 


Fet* 
press 
kept 


but : 
prop 

Co 
Fe+ 
at se 
(10). 
for t 
corre 
Fig. | 
by tl] 
strais 
over 








A. MAZUR, S. GREEN, AND E. SHORR 231 


liter of Fe++. From these results it may be calculated that 2.8 per cent 
of the total iron of ferritin can be made available for reaction with H.O, 
for the purposes of adrenaline oxidation. 

Relative Reaction Velocities—In Fig. 4 are presented the relative reaction 
velocities for the Fe*+* and ferritin systems at various concentrations of 
catalyst, added in a constant ratio of H,O, to Fe++ or ferritin. In both 
cases there is a lack of proportionality at low concentrations of catalyst, 
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Fig. 3. Effect of pH on oxidation of adrenaline by ferritin in the presence of 
H.O2. The ionic strength of acetate buffer was kept constant. 
Fic. 4. Relationship of reaction velocity to concentration of catalyst; Curve A, 
Fe** and H,0.; Curve B, ferritin and H.O.. The concentration of catalyst is ex- 


pressed in relative terms, but in all cases the ratio of iron or ferritin to H.O. was 
kept constant. 


but at higher concentrations the relative reaction velocities are essentially 
proportional to the concentration of catalyst. 

Comparison of Activation Energies—The energies of activation for the 
Fe** and ferritin systems were determined by carrying out the reactions 
at several different temperatures, with the method as applied by Bodansky 
(10). Initial reaction velocities were determined as optical density units 
for that portion of the reaction from 5 to 30 minutes; in all cases this 
corresponded to the straight line portion of the reaction velocity plot. 
Fig. 5 shows the experimental points and the best straight lines calculated 
by the method of least squares. It may be seen that for both systems 
straight lines were obtained, indicating that the Arrhenius equation holds 
over this range of temperatures. The energy of activation for the Fe*+- 
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H.0, system was found to be lower (13,586 calories) than that obtained for 
the ferritin system (34,221 calories) when used for adrenaline oxidation. 
Non-Participation of Molecular Oxygen—Identical mixtures were pre- 
pared with either Fe*+ or ferritin together with H,O. and adrenaline in 
Thunberg tubes. The hollow stoppers contained Fe+* or ferritin, whereas 
the main tube contained all other ingredients. One tube was evacuated 
by using a high vacuum pump; the other was exposed to air. At zero time 
the contents of stoppers and main solutions were mixed, and the colors 
read in a Coleman colorimeter. The readings obtained over a period of 
an hour, both in the presence and the absence of oxygen, were the same 
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Fig. 5. Conformance of observed velocities of oxidation of adrenaline by inor- 


ganic Fe*+ or ferritin in the presence of H.O2, at pH 4.5 at different temperatures, 
with the Arrhenius equation. 


within experimental error, indicating that the reaction does not require 
molecular oxygen. 


DISCUSSION 


The use of Fet*+ and HO, as an oxidizing agent was described in the 
early literature (6) and subsequently named Fenton’s reagent. More re- 
cently the nature of the catalytic decomposition of H,O. by inorganic iron 
has been carefully studied by Haber and Weiss (7). These authors list 
the following reactions as those which are most likely to occur. 


(a) Fet+ + H,O2 — Fet** + OH- + -OH 
(b) -OH + H.0,2 =e H,O + -O.H 
(c) -O-H + H,0: — O2 + H.0 + -OH 


Fe** + -OH — Fet** + OH” 
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Reaction a initiates a chain reaction resulting in the production of the 
free radicals -OH and -O.H. Reaction d results in breaking of the chain, 
although an additional reaction may take place which helps to continue 
the chain by bringing about the reduction of Fe+++ to Fe+. 


(e) Fet*+ + H,0O. — Fe*+ + H+ + -0.H 


Although the free radicals have a short life span, they may act as strong 
oxidizing agents and the reaction does not require molecular oxygen. 

The results of our studies make it extremely likely that this is the nature 
of the oxidation of adrenaline to adrenochrome under the conditions out- 
lined. Iron is the initial catalyst for the decomposition of H,O2, and the 
hydroxyl radicals act as the immediate oxidizing agents. The conversion 
of adrenaline to adrenochrome probably occurs via the intermediate forma- 
tion of adrenaline o-quinone (11), a compound which is unstable and spon- 
taneously undergoes ring closure to form the N-methylindolequinone, ad- 
renochrome. A further reaction may take place beyond the adrenochrome 
stage to yield a series of melanin-like pigments of unknown structure. 
This reaction occurs extremely slowly at pH 4.5 but very rapidly at pH 7.4. 

The fact that ferritin behaves in a manner quite similar to that of in- 
organic iron in this reaction is additional proof for the existence in this 
protein of a portion of its iron in a reactive state; that is, it is capable of 
combining with agents that can react with it, in this case H,O.. Since 
Fe** also can react with H,Okx, it is difficult to calculate how much of the 
reactive iron in ferritin is in the Fe+* or Fet*+ state. The results of pre- 
incubation of ferritin with adrenaline indicate that adrenaline is a power- 
ful iron-binding agent, even at acid pH, and serves to remove the iron from 
the protein, making it available for reaction with H,O.. The data obtained 
by using EDTA as an inhibitor for inorganic as well as ferritin iron make 
it possible to calculate the relative amount of reactive iron in ferritin. 
These calculations indicate that ferritin in solution at pH 4.5 and at a 
concentration of 10.27 mg. of total iron per liter contains approximately 3 
per cent of its total iron in a reactive state, and is capable of dissociating 
from the protein for combination with EDTA. 

The data obtained from the determinations of activation energy suggest 
a possible explanation for the effect of the protein portion of ferritin on the 
activity of its iron. Weiss recently obtained a value of 8460 calories for 
the activation energy of the reaction of Fe++ and H.O, (12). Our results 
yield values of 13,586 calories for the reaction of the hydroxyl] radicals 
with adrenaline when inorganic iron is used, but a higher value of 34,221 
calories when ferritin is the source of iron. The increase of activation 
energy for the ferritin system above that of inorganic iron may be inter- 
preted as due to the binding of iron by groups in the protein molecule, 
thus making necessary a greater energy expenditure for removal of the 
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iron. In this respect the effect of the protein moiety of ferritin is opposite 
to that of an enzyme which generally brings about a lowering of the activa- 
tion energy as compared to that of the corresponding reaction catalyzed 
by an inorganic ion. 

The nature of the pH-activity curve is remarkably similar to the pH- 
dissociation curve for acetic acid. This suggests that an increased activity 
at a lower pH value is associated with a decrease in concentration of ace- 
tate ions which probably act to form a complex of ionic ferrous iron and 
thus tend to reduce its activity. This suggestion is in agreement with the 
decreased reaction velocity observed at greater dilutions of the acetate 
buffer, since the relative concentration of acetate ions is increased on dilu- 
tion. 

Since the reaction of Fenton’s reagent with adrenaline falls almost to zero 
as the pH is raised ‘o 6, probably owing to the very short life span of the 
hydroxy] radicals at this pH, it is apparent that this mechanism is not of 
physiological significance. Ferritin cannot therefore be classed as a peroxi- 
dase. However at neutral pH, both inorganic iron and ferritin react di- 
rectly with adrenaline in the presence of molecular oxygen to catalyze its 
oxidation. These results are presented in the accompanying paper. 


SUMMARY 


Fenton’s reagent (Fe++ + H,O,) oxidizes adrenaline to the N-methyl- 
indolequinone, adrenochrome, at pH 4.5. This activity, which involves 
the formation of hydroxy] radicals, decreases with increase in pH. 

Ferritin, in the presence of H:O:, also catalyzes the oxidation of adrenal- 
ine to adrenochrome. The iron in ferritin which is active in this reaction 
represents a small portion of its total iron. 

Data obtained from experiments to determine activation energies of in- 
organic Fe** and ferritin in this reaction conform with the Arrhenius equa- 
tion. The higher activation energy for ferritin as compared with Fe** is 
accounted for by the bonding of iron to the protein. 
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MECHANISM OF THE CATALYTIC OXIDATION OF 
ADRENALINE BY FERRITIN* 


By SAUL GREEN, ABRAHAM MAZUR, anp EPHRAIM SHORRf 


(From the Department of Medicine, Cornell University Medical College, and 
The New York Hospital, New York, New York) 


(Received for publication, June 30, 1955) 


The oxidation of adrenaline to the N-methylindolequinone, adreno- 
chrome, is catalyzed by ferritin iron in the presence of H2O2 at acid pH 
(1). The mechanism of this reaction, which involves the intermediate 
formation of hydroxyl radicals and which does not require molecular oxy- 
gen, differs from that involved at neutral or slightly alkaline pH. Our 
present studies show that ferritin contains a portion of its total iron in a 
reactive state capable of catalyzing the aerobic oxidation of adrenaline to 
adrenochrome at pH 7.4 in the absence of added H,O2. Adrenochrome, 
at this pH, is rapidly converted to brown melanin-like pigments, a re- 
action which takes place very slowly at more acid pH. 

The reaction of ferritin iron with adrenaline at pH 7.4 may be of physi- 
ological significance since the constrictor response of the mesenteric pre- 
capillary blood vessels to topically applied adrenaline is inhibited (2) when 
ferritin is present in the circulation, necessitating the addition of higher 
concentrations of adrenaline to bring about a constrictor response. Our 
findings indicate that the oxidation of adrenaline at pH 7.4 is accompanied 
by a loss of its vasoconstrictor activity, suggesting that the inhibitory ac- 
tion of ferritin on the response of the smooth muscle cells of the mesenteric 
precapillaries to topical adrenaline may be a result of ferritin-catalyzed 
adrenaline oxidation. 


EXPERIMENTAL 


The preparation of reagents and the method of washing glass-ware to 
reduce contamination with iron are described in the preceding paper (1). 
Reaction mixtures were incubated in 50 ml. Erlenmeyer flasks connected 
in series by glass and rubber tubing to allow for gassing with oxygen or 
nitrogen. The flasks were incubated in a constant temperature bath at 
37° with shaking to maintain proper gas equilibration. The course of the 
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reaction was followed by reading optical densities of the reaction mixtures 
in a Beckman spectrophotometer at suitable time intervals. 

Formation of Iron-Adrenaline Complexes—The reaction of Fe*** with 
o-dihydroxy phenols to yield colored chelates is well known. The effect of 
pH on these complexes has also been studied and the variation in color 
was found to be due to variable ratios of Fe*+**-phenol in the complex 
(3). Similar colored complexes are formed when adrenaline is treated with 
Fe***. A number of solutions were prepared containing a final concen- 
tration of 0.5 mg. per ml. of adrenaline in buffers at different pH values, 
to which was added 0.5 mg. per ml. of a solution of Fe***. At pH 4.0, a 
light green color forms which quickly fades to gray. At pH 5.0, a blue- 
green color is formed with an absorption maximum at 495 my. At pH 
6.0, one gets a dark purple color with an absorption maximum at 570 my, 
and at pH 7.4 the color is red with a maximum at 575 mu. 

When Fet** was substituted for Fe***, the colors appeared more slowly; 
the higher the pH, the more rapid was the color development. Fet** is 
able to produce colored complexes with adrenaline as a result of its autoxi- 
dation to Fe+*+. The colors disappeared on addition of reduced gluta- 
thione or hydrosulfite to the solutions and reappeared on subsequent 
shaking with air. 

Oxidation of Adrenaline in Presence of Fe**+*—Although the colored com- 
plex, formed at pH 7.4 when Fe*** is added to adrenaline, appears to be 
stable, actually the adrenaline undergoes oxidation, producing compounds 
whose color is masked during the initial period by the color of the Fe+*+- 
adrenaline complex. At low concentrations of Fe+** the color of the com- 
plex is very faint, and in the presence of 100 per cent oxygen the formation 
of colored oxidation products can be observed. 

Incubation mixtures were prepared which contained 6.4 mg. of adrenal- 
ine, 3.0 ml. of 0.075 m potassium phosphate buffer, pH 7.4, 10 y of Fe***, 
and water to make a total volume of 15 ml. The Fe*** solution was 
added immediately before the start of gas flow through the flasks. In- 
dividual] flasks were prepared for each time interval, as well as control 
flasks which contained all the ingredients except Fet**+. The solutions 
were equilibrated with gas by shaking for 5 minutes at 37° before the tub- 
ing outlets of the end flasks were clamped. The flasks were shaken during 
the entire experiment. For the optical density readings at zero time, the 
iron solution was added to the mixtures just before they were placed in 
the spectrophotometer. 

Table I lists optical density readings at 480 my (absorption maximum 
for adrenochrome) at 15 minute intervals for three series of flasks incu- 
bated, respectively, in 100 per cent oxygen, air, and 100 per cent nitrogen. 
The results show that the reaction which produces adrenochrome from 
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adrenaline requires molecular oxygen, and that the reaction velocity is 
dependent on the oxygen tension. The results also indicate that autoxi- 
dation of adrenaline at pH 7.4 is considerable, in spite of precautions taken 
to eliminate metal contamination from water and glass-ware. It should 
be noted that the zero time readings of optical density are the same for 
all three mixtures and are due to the light absorption at 480 my of the 
Fe+++-adrenaline complex. Since only a small fraction of the adrenaline 
is oxidized in the time during which the experiment is run, the color due to 
the complex is assumed to remain constant. 

In Fig. 1 appears the time-course of the reaction which produces a 
colored oxidation product of adrenaline in 100 per cent oxygen, at pH 7.4 


TABLE I 
Effect of Oxygen Tension on Adrenaline Oxidation in Presence of Fe+*+ 
The values are given as the optical density at 480 mu. 





























100 per cent oxygen Air 100 per cent nitrogen 

Time —-- -- ——— —--—] — - 
Fet+* Control Fet*+ | Control Fet*+ Control 

e ols. * | 

0 0.062 0.003 0.062 0.003 | 0.062 0.003 
15 0.126 0.032 0.073 | 0.007 | 0.060 0.015 
30 0.317 0.078 0.084 0.011 | 0.062 0.014 
45 0.775 0.280 0.107 | 0.015 0.063 0.014 
60 1.320* 0.675 | 0.141 0.024 0.063 0.014 














* This solution was diluted before the reading; the optical density reading was 
multiplied by the dilution factor to give this value. 








and 37°, in the presence of Fet*++. A similar experiment with Fe** is 
presented for comparison. In both cases, the values plotted were obtained 
by subtracting the optical densities due to adrenaline oxidation in the 
absence of iron salts from those obtained in mixtures containing added 
iron. The curves, therefore, represent the extent of reaction catalyzed by 
added iron. Fe*** is more effective for this reaction than Fet*, the activity 
of the latter being due to its oxidation to Fe+*+ at this pH. The lag period 
during the initial stage of the reaction is characteristic of this system. 
Oxidation of Adrenaline in Presence of Ferritin—Studies with ferritin re- 
ported previously (4) have indicated that ferritin contains a portion of its 
total iron in a reactive state, capable of dissociation for combination with 
iron-binding agents. Additional confirmation of this fact is obtained from 
Fig. 2, which describes the course of adrenaline oxidation in the presence of 
ferritin at pH 7.4 for 90 minutes. For comparison a similar reaction with 
Fe++* is also reported. In both instances the values obtained for autoxi- 
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Fig. 1. Oxidation of adrenaline by inorganic Fe*+** and Fe** as measured by for- 
mation of colored oxidation products absorbing at 480 mz. Reaction carried out at 
pH 7.4 and 37° in 100 per cent oxygen. 
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dation of adrenaline were subtracted. As in the case of Fe***, ferritin also 
furnished iron for a colored iron-adrenaline complex. The optical densities 
were read at 480 mu, the absorption maximum for adrenochrome, the 
only well characterized product formed during adrenaline oxidation. In 
both curves there is an increasing production of color absorbing at 480 my 
for the first 60 minutes. After this time the absorption at 480 my falls, 
though to the naked eye the intensity of color increases as it changes from 
pink to brown. 
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Fic. 3. Absorption spectra of the reaction products formed during ferritin- 
catalyzed adrenaline oxidation. 


Nature of Reaction Products—The experiments in Fig. 2 suggest the for- 
mation of compounds other than adrenochrome. In experiments identical 
to those in Fig. 2, the optical densities were read in the spectrophotometer 
at several time intervals and at several different wave-lengths. These 
absorption spectra are plotted in Fig. 3 for a reaction involving Fet+*+, and 
show that the product formed during the early part of the reaction has an 
absorption maximum at 480 mu, but that, as the reaction proceeds, this 
compound is replaced by a compound or compounds with an increasing 
absorption in the ultraviolet region. 

In an attempt to determine the nature of the reaction more precisely, a 
mixture containing a small, known quantity of adrenaline was allowed to 
incubate overnight in oxygen under conditions similar to those noted above. 
This resulted in the complete transformation of adrenaline to brown mel- 
anin-like compounds, The absorption spectra for this brown solution, as 
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well as for an authentic sample of adrenochrome prepared by silver oxide 
oxidation of adrenaline (5), appear in Fig. 4. From these data the extinc- 
tion coefficients for adrenochrome were found to be 4020 (molecules per 
liter per cm.) at 480 mu and 1020 at 370 my. Although the brown color 
in solutions of completely oxidized adrenaline represents a mixture of 
several melanin compounds, the values for “‘extinction coefficients” at 480 
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Fia. 4. Absorption spectra of adrenochrome and the melanin-like compound 
formed during adrenaline oxidation. 
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and 370 my, 845 and 3741 respectively, were found useful in calculating 
the relative quantities of adrenochrome and further oxidation products in 
the reaction mixture. 

The experiments in Fig. 2 were then repeated, with the difference that 
readings were made at each time interval at both 480 and 370 my. By 
applying the standard equations for mixtures of two compounds with dif- 
ferent absorption characteristics (6), the content of adrenochrome and mel- 
anin compounds in each reaction mixture was calculated from the extine- 
tion coefficients at these two wave-lengths. The results in Fig. 5 dem- 
onstrate that adrenochrome is formed first, but that even during the 
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early part of the reaction melanin compounds appear. As the reaction 
proceeds, the concentration of melanins in the reaction mixture becomes 
greater than that of adrenochrome. The decrease in optical density at 
480 my observed in earlier experiments is explained by these findings. 

} Effect of pH on Oxidation of Adrenaline in Presence of Ferritin—The ex- 
tent of oxidation of adrenaline by ferritin was measured at various pH 
values by noting the optical densities of the reaction mixtures at 480 mu. 
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Fic. 5. Time-course of formation of adrenochrome and melanin compound dur- 
ing adrenaline oxidation by ferritin. The concentrations of each were calculated 


from the equation which relates the extinction coefficients of each compound at 480 
and 370 mu. 


In the results given in Fig. 6, the velocity of color development is greatest 
at pH 7.4 and falls sharply in more acid solutions. The data used to plot 
this graph were obtained by subtracting the values for autoxidation of 
adrenaline in the absence of ferritin; both iron-catalyzed and autoxidation 
reactions increased in velocity as the pH was made more alkaline. The 
curve for pH 6.9 is of some interest since it yields the highest optical density 
reading at 480 my. It was postulated that differences in rates of adreno- 
chrome disappearance at different pH values might account for this result. 

To study the rate of conversion of adrenochrome to the melanin com- 
pounds, adrenochrome was incubated at pH 7.4 in the presence and absence 
of Fe+++, The conversion to melanins at this pH was very rapid; it was 








244 OXIDATION OF ADRENALINE BY FERRITIN 


not affected by iron and occurred in nitrogen as well as in oxygen. The 
effect of pH on this conversion was studied further by incubating adreno- 
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Fic. 6. Effect of pH on the course of formation of colored compounds absorbing 
at 480 my during adrenaline oxidation by ferritin at 37° and in 100 per cent oxygen. 
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Fic.7. Conversion of adrenochrome to melanin compounds at various pH values. 


No catalyst was added. 


chrome at various pH values in the absence of Fe+*+ and reading optical 
densities at 480 and 370 my to determine the extent of adrenochrome 
disappearance. The results are presented in Fig. 7. As the pH decreases, 
the rate of melanin formation decreases. These data explain the results 
obtained in Fig. 6, which indicates a higher optical density at 480 my at 
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pH 6.9 than at 7.4, since at the latter pH value less adrenochrome is ac- 
tually present, owing to its rapid conversion to the melanin compound. 

The brown solutions, which were formed when adrenochrome was in- 
cubated at pH 7.4 in nitrogen as well as in oxygen, were analyzed in the 
spectrophotometer. In the visible region, the shapes of the absorption 
curves for these two solutions were identical (see Fig. 4). However, in 
the ultraviolet region the two solutions were different, each having a series 
of ill defined maxima but at different wave-lengths. Subsequent incuba- 
tion of the brown solution which had been prepared in nitrogen, in an oxy- 
gen atmosphere, altered the absorption spectrum. It appears from these 
findings that different chemical compounds are formed, although visibly 
they appear to be the same, and probably each represents a mixture of 
several compounds. 








TaB_eE II 
Effect of Inhibitors on Adrenaline Oxidation 
Inhibitor, 2.3 umoles per liter Adrenochrome formed Relative activity 
moles per l. X 10-5 per cent 
I Oe eS ee ee ee Pee See 3.01 100 
A m9) 14 as oo G-aeeinckh Win Ri tooo MOE 0.49 16 
MINE 5 5.5 asc 9 ss cn vleey Sanaeiawsms sae 2.02 67 
Citrate....... Re pe ee 2.82 94 
I itis. 2 ap 5.5 Siew Kaien eee 2.96 98 
NE ag ctck cs once hk cosine ae ee een 27.20 904 











Effect of Iron Inhibitors on Adrenaline Oxidation—A number of iron- 
binding compounds were tested for their ability to inhibit the oxidation of 
adrenaline by ferritin. The inhibitors were added at a final concentration 
equal to that of adrenaline (2.3 umoles per ml.) so as to compete effectively 
with adrenaline for the iron. Table II lists the results. Optical density 
readings at 480 and 370 mu were taken after 30 minutes at pH 7.4 and 37° 
in the presence of 100 per cent oxygen. The concentration of adreno- 
chrome produced was calculated as indicated in a previous section. At 
equimolar concentrations, oxalate was most effective as an inhibitor, and 
next most effective was pyrophosphate. In subsequent experiments o-phe- 
nanthroline and a,a’-dipyridyl also showed inhibitory properties. Citrate 
and tartrate were almost without effect at this pH. The outstanding 
finding was the extraordinary activation of the oxidation reaction produced 
by ethylenediaminetetraacetate (EDTA). 

EDTA Activation of Adrenaline Oxidation—The degree of activation of 
the oxidation of adrenaline to adrenochrome by ferritin at increasing con- 
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centrations of EDTA was determined. The reaction mixtures were in- 
cubated for 30 minutes and adrenochrome formation measured. The ex- 
tent of activation increased up to an optimal concentration of EDTA. 
EDTA also activated the reaction with inorganic iron, and in this case 
maximal activation occurred at a molar ratio of iron-EDTA of about 1:2. 
However, inasmuch as the inorganic phosphate which is present as a buffer 
also binds inorganic iron, as does adrenaline, it appears that enough EDTA 
was needed to overcome the effect of phosphate and adrenaline and to 
form a complex of the iron as the well known chelate which contains 1 
atom of iron per molecule of EDTA. 

Quantity of Active Iron in Ferritin—The effectiveness of ferritin in fur- 
nishing iron for the catalytic oxidation of adrenaline confirms our previous 
findings that, despite the chemical inactivity of the bulk of ferritin iron, a 
small quantity of its iron is capable of taking part in chemical reactions. 
It was found that 616 y of total iron as ferritin were required to produce 
an amount of adrenochrome equal to that formed by 8.5 y of inorganic 
Fet++ under similar conditions. Identical results were obtained when the 
reactions were repeated in the presence of optimal concentrations of EDTA. 
Thus, 1.4 per cent of the total iron of ferritin appears to be “available,” 
at pH 7.4, as a catalyst for adrenaline oxidation. Since binding of iron by 
the protein in ferritin would influence the rate of reaction of ferritin iron 
as compared with that of inorganic iron, this value cannot be considered 
quantitative. 

Comparison of Ferritin Activity with That of Other Iron Proteins—The 
activities of other iron proteins were compared with those of ferritin and 
inorganic iron as catalysts for adrenaline oxidation. In all cases the added 
protein contained total iron equivalent to 8.5 y of Fet*+. The relative 
activities are listed in Table III. It may be seen that the plasma iron- 
binding protein was less active than ferritin, emphasizing the strength of 
the iron-protein bond. Oxidized cytochrome c, methemoglobin, and oxi- 
dized heme were all more active than equivalent amounts of inorganic 
iron. Ferrocytochrome c was without activity. The relative activities of 
these compounds were now determined in the presence of EDTA (Table 
III). Inorganic iron and ferritin activities were increased so that they 
became the most active; the activities of the others were not affected sig- 
nificantly. 

Participation of H:O.—The possibility of intermediate formation of 
H.O, during the reaction at pH 7.4 was explored by determining whether 
the reaction could be inhibited by crystalline catalase. The concentra- 
tions of all reagents were the same as in previous experiments except for 
the addition of 0.1 ml. of a diluted crystalline catalase preparation, the 
activity of which was found to be equal to 15 units. The quantity of 
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adrenochrome formed in 30 minutes at 37° in 100 per cent oxygen was 
determined in the presence and in the absence of added catalase. Estima- 
tion of extent of inhibition was determined during the early part of the 
reaction so as to avoid the period during which melanin formation is great. 
It should also be pointed out that catalase is easily inactivated in dilute 


TaBLeE III 
Relative Activities of Iron Compounds As Adrenaline Oxidants 





Relative activity* 
Iron compound 





Untreated With EDTA 











Ferritin or Fe***... ' eas 100 800 
Iron-binding globulin of plasma.... 5 40 40 
ae Pabetce amer Ome NG 170 230 
Methemoglobin..... sh Nisa Gop ee tetias ae | 190 | 210 
Ferricytochrome c.........................- 290 290 
Ferrocytochrome c.... er Pe oe: | 0 0 


| 





* Activity measured in terms of adrenochrome formation in 30 minutes at 37° in 
an atmosphere of 100 per cent oxygen; adrenochrome produced by Fe+** or ferritin 
was taken as equal to an activity of 100. All the compounds contained equivalent 
amounts of total iron, except for ferritin, which was used in amounts equal in ac- 
tivity to the Fet**. 








TABLE IV 
Effect of Catalase on Adrenaline Oxidation 
Form of iron Activation (+) or inhibition (—) 
: per cent 
I 2c vie Lara oan eww igs barmeeSOki be Utena sips ae +23 
a cn tae 4c Med a ater aL oe De ale RRR IOS +10 
I Sg. coding sk Nay eicnend d Skiba ODE RS CA Ce —16 
NS oo. 'c na as oad HlSae ee be Wacaaticehin Gani Meth —24 
ce te pc SIE EAN TE TEE —43 








solutions and at 37°, so that any inhibition which is observed is quite sig- 
nificant. ‘Table IV reports the effect of catalase on each iron system. It 
can be seen that, in increasing order, the activities of Fet**-EDTA, ferritin- 
EDTA, and ferricytochrome c were all inhibited by catalase. In the cases 
of Fe*+** (H,O) and ferritin, an activation by catalase was observed. The 
reason for this activation will be discussed below. 

Since the active chelates of iron were inhibited by catalase, experiments 
were performed involving addition of H,O:2 in order to gain information 
concerning its réle in these reactions. Table V presents the effects of 
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H20:; in each case the figures listed were obtained at optimal concentra- 
tions of H.02. Peroxide activated the reaction mixtures containing Fet+*- 
EDTA and ferritin-EDTA by 10 per cent; ferricytochrome c was activated 
by 157 per cent. Hydrated Fe+*++ was inhibited, whereas ferritin was 
activated by about 50 per cent. The reason for these results will be dis- 
cussed later. 


TABLE V 
Effect of Added H,02 on Adrenaline Oxidation 

















Form of iron Activation (+) orinhibition (—) 
“ . is oe per cent 
Fet++ (H.O) B + zai —14 
Ferritin. ........ a hs : +51 
Fet**+-EDTA... vast - ae IT +9 
i 2 a Ts acu cea svacseek GY aero. aed-8 disk a | +10 
oo ca tae ts mamiode:s SPAN oa madse Me aae anil +157 
TaBLeE VI 
Activity of Iron-Chelating Agents Related to EDTA 

Form of iron | Adrenochrome formation 
a moles X 10-5 
ay A AS oe aN en ee ea rere 2.58 
Be Tt Gein GERRUMEO ng oasis cds cies we rouicnsiowses | 2.78 
Fet**-Versenolf............. eens OP en pa en ei ets IN eee 7.79 
ES SY FE Cae eee Pee aero ore ee | 26.82 
Fet++-isopropylene compound}.......................0.. | 26.96 





* Ammonium triacetate. 
{ N-Hydroxyethylethylenediamine triacetate. 
¢ Isopropylenediamine tetraacetate. 


Activities of Iron-Chelating Agents Related to EDTA—Because of the 
unusual activity of EDTA, structurally related compounds were tested 
for their ability to activate the iron-catalyzed oxidation of adrenaline. 
The concentrations of all reagents were similar to those of previous experi- 
ments. The chelating agents were added at equivalent molar concentra- 
tions. The reaction was allowed to proceed for 30 minutes at 37° in the 
presence of 100 per cent oxygen, and the amount of adrenochrome formed 
was measured. The results are given in Table VI. Isopropylenediamin- 
tetraacetate had an activity equal to that of EDTA. N-Hydroxyethyl- 
ethylenediamine triacetate (Versenol) was less active than EDTA, al- 
though about three times as active as hydrated Fe***. Nitrilo triacetate 
(ammonium triacetate) was essentially inactive. 
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Vasoconstrictor Activities of Adrenaline, Adrenochrome, and Melanins— 
The ability of adrenaline and its oxidation products to bring about a vaso- 
constrictor response when applied topically to the precapillary blood ves- 
sels of the rat mesentery (7) was determined. The unit of activity was 
defined as that concentration which would produce a vasoconstriction 
lasting for approximately 20 seconds. Such a response required 5 X 10~ 
y per ml. of adrenaline and 13 X 10~ y per ml. of adrenochrome. The 
melanin compounds, formed as a result of adrenaline oxidation, were with- 
out vasoconstrictor activity. A series of experiments was then performed 
ecmparing the vasoconstrictor activities and optical density readings of 
mixtures containing adrenaline and ferritin incubated for varying intervals 
of time. The production of melanin was accompanied by a corresponding 
disappearance of vasoconstrictor activity, in agreement with the above 
findings. 


DISCUSSION 


The catalytic oxidation of adrenaline by metal ions has been extensively 
studied by Chaix et al. (8), who utilized oxygen consumption measurements 
as an index of reaction velocity. Our use of the spectrophotometer to 
determine the nature and concentration of the colored products formed 
during the oxidation reaction has enabled us to study the mechanism of the 
reaction in greater detail. 

Inorganic ferric iron at pH 7.4 exists for the most part as ferric hydroxide. 
Formation of a complex at pH 7.4 between Fe*** and adrenaline serves to 
provide a greater concentration of Fe**+ in a soluble state. The purple 
color of the complex is not intense at low concentrations of Fe**+ and, in 
the presence of oxygen and relatively high concentrations of adrenaline, 
is replaced by the pink color of adrenochrome. The latter compound is 
rapidly converted at this pH to brown, melanin-like pigments. 

The reaction of ferritin with adrenaline is similar to that of inorganic 
iron. The colored iron-adrenaline complex is formed and, in the presence 
of oxygen, adrenaline is oxidized as evidenced by the appearance of adreno- 
chrome, followed by melanin. Although determination of the quantity 
of iron in ferritin “available” as a catalyst for adrenaline oxidation is only 
approximate, it does point to the existence of a form of iron in ferritin 
different from the bulk of its iron, in agreement with results reported pre- 
viously (4). The active iron is presumed to be at or near the surface of 
the protein, bound to amino acid groups in a manner which allows it to 
take part in oxidation-reduction reactions. 

Chaix ef al. (8) have reported that the iron-adrenaline complex is not 
autoxidizable. Our finding of a greatly increased activity of Fe+** in the 
presence of EDTA and our confirmation of the activity of ferricytochrome 
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c, previously reported by Green and Richter (9), agree with this interpre- 
tation and cast doubt on the participation of the iron-adrenaline complex 
in this reaction. The stability constant of Fet*+-EDTA is large (log 
Kz = 25 at 20°), representing a highly undissociated state of the iron, 
although the complex is capable of some hydrolysis at pH 7.4 (10). The 
quantity of the iron-adrenaline complex is much lower in the presence of 
EDTA than in its absence. Despite the presence of smaller amounts of 
the iron-adrenaline complex, the activity of Fet**-EDTA is some eight 
to ten times greater than that found in the absence of the chelating agent. 
The argument against the direct participation of the iron-adrenaline com- 
plex is made stronger by the activity of ferricytochrome c, since this iron- 
chelate is highly undissociated and does not allow for the formation of any 
iron-adrenaline complex. Indeed, this property of cytochrome c, which 
makes it impossible to suggest the formation of a complex with its physio- 
logically important substrates, has led Theorell (11) to suggest that electron 
transfer takes place via the N atoms of the imidazole groups which occupy 
two of the six coordination bonds of iron in cytochrome c, and results in 
the reduction of ferricytochrome c to the ferrous state. 

Our experimental data do not offer a complete explanation for the greater 
activity of the Fe**-EDTA complex or of ferricytochrome c as compared 
with hydrated Fet**, except to suggest that formation of iron chelates of 
these particular types makes the iron available at a higher concentration, 
and in a form which allows it to undergo rapid oxidation and reduction. 
Although the two iron chelates which are very active for adrenaline oxida- 
tion are quite different chemically, there is some similarity in their struc- 
tures (Diagram 1). In the case of the EDTA complex, chelation occurs 
between the iron atom and 2 nitrogen and 2 oxygen atoms, all in the same 
plane; the remaining bonds, one above and one below this plane, are 
attached to atoms of the carboxyl groups. In cytochrome c, the iron 
atom is chelated to the 4 nitrogen atoms of the pyrrole groups and the re- 
maining two bonds, above and below the plane, to 2 nitrogen atoms of 
histidine. Both EDTA (12) and cytochrome c (13) complexes are para- 
magnetic. 

With respect to the activity of EDTA, some structural requirements 
can be seen by comparing its activity with that of related compounds whose 
structures are given in Diagram 2. Isopropylenediamine tetraacetate is 
as active as EDTA and contains all of the groups necessary to form six 
coordinate bonds with the iron atom. N-Hydroxyethylethylenediamine 
triacetate is less active than EDTA and contains but five of the six groups 
required for binding to the iron atom. Nitrilo triacetate (ammonium tri- 
acetate) is inactive in this system and can contribute but four groups for 
chelation with the iron atom. It is presumed in the last two instances 
that the remaining bonds are attached to water molecules. 
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In a discussion of amino acid metabolism Stadtman (14) refers to the 
accelerating effect of EDTA, in the presence of metal ions, on glutathione 
oxidation. Although no details are given, it is likely that this effect is 
similar to that which we have found for adrenaline. Pirie and van Hey- 
ningen (15) have reported the increased oxidation of glutathione in lens 
extracts in the presence of EDTA. They consider this activity to be due 
to the stimulating effect of a metal-EDTA complex on ascorbic acid oxida- 
tion, which in turn accelerates the oxidation of reduced glutathione. Chalk 


N 
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and Smith (16) have also reported the enhanced activity of iron salts, on 
the autoxidation of cyclohexene, in the presence of a metal-chelating agent, 
disalicylidene. Bonner (17) has demonstrated the activation effect of 
EDTA on a succinic dehydrogenase-cytochrome system in heart muscle 
preparations and believes that the chelating agent acts on a series of electron 
transport reactions between some unknown factor and cytochromes b 
and c or between the factor and diaphorase. Bowen et al. (18) have 
reported experimental data which give the activating effect of EDTA on 
the adenosinetriphosphatase activity of myosin B (natural actomyosin). 
These reports of the activating effect of EDTA suggest that activation by 
metal chelation is not an unusual phenomenon among biochemical reac- 
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tions. Together with our findings, they emphasize the need for caution 
in assigning to EDTA the simple réle of a chelating agent which removes 
inhibitory metal ions from solution, thus leading to an activation of enzyme 
reactions. 

Adrenaline is oxidized at a pH more acid than 6 by Fe** and H,O, by 
a mechanism which involves the formation of water radicals, powerful 
oxidizing agents (1). The participation of H:O, in the reaction at pH 
7.4 was explored because of the reports of its formation during inorganic 
metal ion catalysis of oxidation reactions (19). The effect of added catalase 
is often used to demonstrate the presence or absence of HO. during enzyme 
reactions, but the occurrence of a number of intermediate reactions, each 
with different velocities, may produce negative results with catalase and 
may lead to the erroneous conclusion that H,O, is not formed during the 
course of the reaction. 

In our own experiments, the reaction of Fe*+** or of ferritin with adrena- 
line to form adrenochrome is not inhibited by the addition of catalase; on 
the contrary, there is some acceleration. The addition of catalase does 
inhibit the reaction of Fe*+-EDTA, ferritin-EDTA, or ferricytochrome c 
with adrenaline. These facts may be interpreted in the following manner: 
In the initial reaction the iron may be in the form of Fe*+**+(H,0), Fet*+- 
EDTA, or ferricytochrome c. All react in a similar fashion and result in 
the formation of the corresponding ferrous complex, adrenaline o-quinone 
and H,O,. Hydrogen peroxide brings about the reoxidation of the ferrous 
to the ferric complex. In the absence of chelating agents, hydrated ferrous 
ion is oxidized by molecular oxygen at pH 7.4 with such rapidity that 
H.O, does not influence the rate of this reaction. This would account for 
the lack of inhibition of this reaction in the presence of catalase. The 
accelerating effect of catalase in the absence of chelating agents can be ex- 
plained in terms of the rapid removal of H2O2, thus increasing the rate of 
the reaction. The Fe+*-EDTA complex is also oxidized by molecular 
oxygen, but to a lesser extent than is the unchelated metal ion (20). It is 
also susceptible to oxidation by H,O2. Thus a removal of H,O: by catalase 
results in an inhibition of the rate. Ferrocytochrome c cannot react with 
molecular oxygen at all, but does so with H.O, to form ferricytochrome c. 
It would be expected therefore that this reaction, entirely dependent on 
HO, for reoxidation, would be more sensitive to inhibition by catalase. 
The relative order of inhibition by catalase of the reactions involving these 
types of iron compounds agrees with this analysis. Ferrocytochrome ¢ 
would be reoxidized in vivo, by means other than H,Os:, e.g. cytochrome 
oxidase. 

The results obtained after adding additional H,O, are in agreement with 
this interpretation. The system which contains hydrated Fet** is in- 
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hibited, whereas the systems containing Fe+++ and EDTA or cytochrome 
c are accelerated. The low order of acceleration of the EDTA system as 
compared with the very marked acceleration of the cytochrome system is 
in accord with the relative difficulty of oxidation of the corresponding fer- 
rous compounds by molecular oxygen. The accelerating effect of H.O, 
on ferritin is accounted for by noting that ferritin contains some of its 
reactive iron in the Fe* state, a state of iron which is less active than 
Fet++ for adrenaline oxidation. Fe** in ferritin is, however, stabilized by 
binding to SH groups. Oxidation of these SH groups by HQ, results in 
the oxidation of Fe+*+ to Fe*** in ferritin and accounts for the acceleration 
of ferritin activity in the presence of H.Os. 

Proof for the intermediate formation of adrenaline o-quinone is indirect, 
since this compound has not been isolated and is presumed to be unstable. 
Ball and Chen (21), using dyes, demonstrated the probable formation of 
this compound during experiments involving determination of the oxida- 
tion-reduction potential of adrenaline. They observed a change in po- 
tential at a time when the pink color of adrenochrome had not yet been 
formed, but the dye had been reduced. 

The next step in the reaction involves the formation of adrenochrome, 
an N-methylindole-o-quinone, which can be prepared synthetically and 
which is stable in acid solution. It can be identified in the reaction mix- 
ture at pH 7.4 by means of its characteristic absorption spectrum. The 
mechanism for the conversion of adrenaline o-quinone to adrenochrome 
has not been established. The final reaction involves the conversion of 
adrenochrome to the brown melanin pigment; the chemistry of this reaction 
is unknown. 

The results of these studies and of our previous experiments may be used 
to suggest a possible mechanism for the inhibitory action of ferritin on the 
constrictor response of the muscular capillaries in the mesoappendix to 
topical adrenaline. This vasodepressor activity of ferritin has been dem- 
onstrated as being due to the presence of Fe**, which is stabilized against 
autoxidation by bonding to protein sulfhydryl groups. We have demon- 
strated that this form of ferritin iron can move across a dialysis membrane 
(4). On the other hand, the iron of inactive ferric disulfide-ferritin is not 
able to cross such a membrane. This phenomenon resembles that govern- 
ing iron absorption in the small intestine; ferric iron must first be reduced 
to the ferrous state before it can be absorbed. We therefore would postu- 
late that the surface iron of circulating reduced ferritin can be released 
for transport or attachment to the smooth muscle cells of the precapillary 
vessels, while that of ferric disulfide-ferritin cannot. The Fet+, now un- 
protected, would be oxidized to Fe***. Its conversion to Fe+++ in the 
muscle cell would allow it to catalyze the oxidative inactivation of adrenal- 
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ine by a mechanism similar to that outlined in the present study. As a 
result, the capillary vessels would no longer respond to the original thresh- 
old concentration of adrenaline and would require the topical application 
of larger amounts to achieve a concentration adequate to elicit the con- 
strictor response. 

In view of the absence of any known sympathomimetic action of adreno- 
chrome (22), its constrictor effect on these specific capillaries could be 
attributed to a musculotropic property. This property of adrenochrome 
may be related to its reported hemostatic action (23) for which no specific 
explanation has hitherto been offered. 

The biological validity of the hypothecated pathways of adrenaline 
metabolism, oxidation of the side chain by tissue amine oxidases (24) or 
metal-catalyzed quinone formation, still remains to be established. The 
present observations offer a mechanism which involves naturally occurring 
iron compounds. Some support for the involvement of iron in this process 
is provided by the observation (25) that cells containing melanin pigment 
or melanin granules contain amounts of iron larger than those found in 
surrounding non-pigmented tissue. 


The authors are indebted to Doctor S. Baez and Doctor S. G. Srikantia 
for the biological testing. 


SUMMARY 


Spectrophotometric studies demonstrate that the iron-catalyzed oxida- 
tion of adrenaline involves molecular oxygen and the production of the 
N-methylindolequinone, adrenochrome. At pH 7.4, the latter compound 
is converted to brown melanin-like pigments. 

The iron-catalyzed oxidation of adrenaline is increased 10-fold by the 
presence of the iron-chelating agents, EDTA or its isopropylene analogue. 
The biochemically important iron-chelate, ferricytochrome c, is also more 
active than inorganic Fe***. In both instances H,O: is a product of the 
reaction and serves to reoxidize the ferrous to the ferric chelate. 

Ferritin contains a small portion of its total iron in a state which cata- 
lyzes the oxidation of adrenaline by a mechanism similar to that found for 
inorganic Fe+*+, Adrenochrome, which lacks the sympathomimetic ac- 
tivity of adrenaline, is still effective as a vasoconstrictor of the smooth 
muscle cells of the capillary vessels. However, the melanins, formed from 
adrenochrome, have no constrictor activity. These findings are utilized 
in an explanation of the biological activity of circulating ferritin in inhibit- 
ing the constrictor response of the muscular capillaries to topical adrenaline. 
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It has recently been demonstrated in this laboratory (1) that arachidonic 
acid is formed in the body from acetate and a Cys precursor and that, 
under the conditions of the experiment, linoleic acid is not synthesized from 
acetate. Spectrophotometric evidence (2, 3) has indicated that admin- 
istration of linoleate to animals results in an increase in tetraene of the 
arachidonate type (as measured by alkali isomerization). The experi- 
ments reported in this paper were designed to test the hypothesis that the 
exogenous Cys precursor is linoleic acid and that the linoleate molecule is 
incorporated in its entirety into arachidonate. 


EXPERIMENTAL 


Treatment of Animals—Four 200 gm. rats were fed a total of 547 mg. 
(0.5 me.) of methyl linoleate-1-C™ (4). After 4 hours the animals were 
sacrificed, and the liver, kidney, heart, spleen, and abdominal fat were 
pooled and frozen at once. 

Isolation of higher unsaturated fatty acids as polybromides was carried out 
essentially as described earlier (1), except that the unsaturated fatty acids 
were concentrated by the low temperature crystallization (5) instead of the 
lead-salt technique. Addition of bromine to an ether solution of the un- 
saturated fatty acid concentrate (6) precipitated the crude octabromide 
fraction. Crude tetrabromide was precipitated from the ethereal mother 
liquors (concentrated to 20 ml.) by adding 100 ml. of 60-70° petroleum ether. 

Debromination and Reduction of Polybromides—The crude octabromide 
fraction was treated with zinc dust in acidified n-propyl alcohol as de- 
scribed previously (1, 7). Solids were centrifuged from the reaction mix- 
ture, a suspension of 130 mg. of prereduced Adams’ catalyst in 35 ml. of 
n-propyl alcohol was added, and the mixture was hydrogenated at room 
temperature and atmospheric pressure. When the rate of hydrogen up- 

* This paper is based on work performed under contract No. AT-04-1-gen-12 be- 
tween the Atomic Energy Commission and the University of California at Los An- 


geles. Presented before the American Society of Biological Chemists, San Fran- 
cisco, April, 1955 (Federation Proc., 14, 286 (1955)). 
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take slowed down, more (200 mg.) catalyst in suspension was added, and 
hydrogenation continued until no more hydrogen was taken up. After 
removal of catalyst, the mixture was saponified to liberate the free fatty 
acids from the propyl esters formed during the zinc debromination; the 
crude fatty acids were then chromatographed on silicic acid (see Fig. 1). 
The semisolid materials from Fractions 12 to 23 of the chromatogram were 
combined and again hydrogenated over Adams’ catalyst in tetrahydrofuran 
to give 169 mg. of solid saturated fatty acids. 

Isolation of Arachidic Acid—As shown earlier (1), saturated fatty acids 
of chain lengths both greater and less than C2» are obtained (in addition to 
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Fig. 1. Chromatography of fatty acids on silicic acid. A2.8 X 13 cm. column con- 
taining 52 gm. of silicic acid was dry packed and activated by prewashing succes- 
sively with three column volumes each of acetone, ether, and pentane. Fractions of 
one column volume (48 ml.) were collected. The eluting solvents were pentane (P), 
ethyl ether in pentane (numbers indicate per cent ether, volume per volume), and 
acetone (A). 


the desired arachidic acid) on reduction of the crude ether-insoluble octa- 
bromide fraction. In the present instance, arachidic acid was separated 
from homologous impurities by the reversed phase partition chromato- 
graphic method first described by Howard and Martin (8) and later ex- 
tended to include fatty acids of Cy chain length by Silk and Hahn (9); 
the siliconized Celite used as the stationary phase support was prepared 
as described by the latter (9). Prior to use, 100 gm. of the siliconized 
Celite were stirred into 78.8 gm. of mineral oil (Mefford Chemical Corpora- 
tion, No. 15, viscosity 345 to 55 Saybolt, density 0.875) to give a coarse, 
homogeneous powder which was suspended in Solvent A-67! and homogen- 
ized batchwise in a top drive homogenizer. 


1 The solvents thus indicated were composed of mineral oil-saturated acetone- 
water mixtures containing the volume per cent acetone indicated by the number. 
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The column was a jacketed tube, 3.36 (inner diameter) by 50 cm., con- 
stricted at the bottom, fitted with an adjustable flow throttling stop-cock, 
and temperature-controlled at 35°. 

Special precautions were taken during packing to avoid inclusion of air 
bubbles. The homogenized slurry was heated to about 50° and transferred 
to the column (half filled with Solvent A-67) by means of a large dropping 
pipette. (The slight suction used to draw the hot slurry into the pipette 
was sufficient to remove the air bubbles sticking to the Celite particles; 
the slurry was then expelled with the pipette tip below the surface of the 
liquid in the column.) By suitable intermittent draining of solvent from 
the bottom of the column, packings of convenient flow rate were obtained. 
Additional Celite slurry was added and compacted in this manner until a 
column of packed Celite about 31 cm. in height was obtained; 250 ml. of 
Solvent A-70 were then passed through the column. 

Essentially as described elsewhere (9), the fatty acid mixture was in- 
corporated into a small amount of the supported stationary phase, trans- 
ferred to the top of the column as a slurry in Solvent A-50, compacted by 
draining, and constrained by circles of filter paper. Eluate fractions of 
25 ml. were collected with the aid of a fraction cutter and titrated under 
nitrogen in a cell of the type described by Howard and Martin (8). 

Fractions 1 through 73 were eluted with Solvent A-70 and Fractions 74 
through 99 with Solvent A-75; finally, use of Solvent A-97 collapsed the 
column by displacing most of the mineral oil. The development (at 10 to 
12 minutes per fraction) was followed by titration with 0.025 Nn alcoholic 
KOH. The eluate was divided into principal fractions (A through H) ac- 
cording to peaks delineated by the titration values (Fig. 2). 

Fraction E, containing the purified arachidic acid, was acidified with 
sulfuric acid, concentrated to 250 ml. at reduced pressure, and extracted 
thoroughly with 60-70° petroleum ether. After removal of the solvent 
from the extract, there remained 93 mg. of residue, which was chromato- 
graphed on silicic acid (see Table I) to remove the indicator (strongly ad- 
sorbed) and mineral oil (very weakly adsorbed); 52.3 mg. of pure arachidic 
acid were obtained. Fatty acids from Fractions D (stearic acid, 23 mg.) 
and G (behenic acid, 33 mg.) were isolated similarly. 

Degradation of Arachidic Acid—The Schmidt degradation used earlier 
(1) was not employed in the present instance, since several 1-carbon degra- 
dations were necessary, and the intermediate long chain aliphatic amines 
produced (in addition to CO2) could not be converted conveniently to the 
corresponding carboxylic acids necessary for recycling. 

A sequence (10) involving bromination of the saturated fatty acid, hy- 
drolysis of the resulting a-bromo acid to the corresponding a-hydroxy acid, 
and oxidation of this derivative to carbon dioxide and the next lower satu- 
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rated fatty acid was investigated. Although a variety of oxidative methods 
and conditions were tried, none gave products entirely free of lower homo- 
logues. 
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Fig. 2. Reversed phase chromatography of fatty acids obtained by reduction of 
ether-insoluble polybromides. The dotted lines indicate blank titers. 


TABLE I 
Chromatographic Purification of Arachidic Acid 











Eluent* Column volumes Material eluted 
0 2 Mineral oil 
3 3 None 
10 6 Fatty acid 
15 2 None 
25 4 
50 2 “ce 
100 2 -” 








* Per cent (volume per volume) ether in n-pentane. 


Because of these objectionable features of other approaches to the step- 
wise degradation of saturated fatty acids, the procedure of Dauben, Hoer- 
ger, and Petersen (11) has been employed in the present study (see Fig. 3). 
This method involves no oxidation, is readily amenable to recycling, and 
conveniently yields the removed carbon atom in the form of benzoic acid. 
The possibility of undegraded fatty acid contaminating the lower homo- 





logues 
matog 

The 
carrie) 
after 1 
dophe 
with ¢ 
volum 





acid (; 
giving 
tion, t 
acid). 
purifie 
per ce 

Rep 
gave § 
arachi 
benzoi 

Cou 


ods 
mo- 


on of 


step- 
Hoer- 
g. 3). 
, and 
acid. 
.omo- 





STEINBERG, SLATON, HOWTON, AND MEAD 261 
logues was excluded by purification of the isolated intermediates by chro- 
matography on silicic acid. 

The purified arachidic acid was diluted to 249.8 mg. (0.801 mm) with 
carrier (Sapon Laboratories, Inc., b.p. 203-205° at 1 mm., m.p. 73.6-74.8° 
after recrystallization from petroleum ether) and converted (11) to arachi- 
dophenone. The crude product was extracted from the reaction mixture 
with cyclohexane, and the extract was concentrated, diluted to one column 
volume with 5 per cent ether in pentane, and chromatographed on silicic 


322 323 
CH3(CH2)1¢CH2CH2COOH —t CH3(CHp))6CHaCHCOCEHe ——a 


3 22 S2 2 
CH3 (CH) 6CHCCOC GH, —> CH5(CH,),6CHQCN + CgHeCOOH 
NOH 
3 2 
CH3 (CH )16CH2COOH 


t 3 2 


CH3(CH2)16COOH + CéHeCOOH 


t 


3 
CH3(CHp) COOH + CéHeCOOH 


Fic. 3. Dauben degradation reaction sequence 











TaBLeE II 
Chromatographic Purification of Arachidophenone 
Fraction Nos. on oe | Weight Material eluted 
mg. : 
1- 6 5 276 Arachidophenone 
7-14 6- 8 20 Arachidie acid 
15-17 12-100 6 Tails 











acid (see Table IT). 


giving benzoic acid and nonadecanenitrile. 
tion, the benzoic acid weighed 71 mg. (72.8 per cent based on arachidic 


acid). 


The purified ketone was nitrosated and rearranged, 
After purification by sublima- 


The nonadecanoic acid obtained by hydrolysis of the nitrile was 


purified by chromatography on silicic acid (¢f. Fig. 1); yield 162 mg. (67.9 


per cent). 


Repetition of this series of reactions (starting with nonadecanoic acid) 
gave stearic acid and benzoic acid containing the 2nd carbon of the original 
arachidic acid as its carboxy carbon atom and finally margaric acid and 
benzoic acid containing the 3rd carbon of the original arachidic acid. 

Counting Methods—The counting data were obtained on a Tracerlab 
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CE-1 liquid scintillation counter. The scintillator solution contained 3,0 
gm. of 2,5-diphenyloxazole and 0.050 gm. of 2-(1-naphthyl)-5-phenyl- 
oxazole (“scintillation grade,’ Arapahoe Chemicals, Inc., Boulder, Colo- 
rado) in 1 liter of toluene (reagent). The samples were all soluble in this 
medium. Benzoic acid was weighed and washed into the sample bottles, 
Fatty acids were transferred into the scintillation solution by dipping a 
thin glass rod into the melt, dissolving the sample in the solution directly, 
and weighing the sample by difference. 








TABLE III 
Tsolope Concentration in Various Fractions 
Fraction D.p.s per mg. Total d.p.s.* 
Arachidic acid (C20) (diluted 1:5)............ 8t 2000t 
Benzoic acid (carbon atom 1).............. 16.7 1630 
- et zee ORR CO peer 0.161 15.7 
- “so lg? Sk oe ta Oe 5.47 535 
Margaric acid (Ciz)............000.0000ecees 0 0 
Tetrabromostearic acid..................... 6.0 
ee ae 38.6 











* Corrected to 100 per cent yields. 

+ Circumstances under which the activity of this substance was determined limit 
its accuracy to +15 per cent; accuracy of the rest of the determinations is estimated 
to be +4 percent. Factors affecting measurements obtained with the liquid scintil- 
lation counter have been described recently (14). 


RESULTS AND DISCUSSION 


From the activities of the various fractions (Table III) can be calculated 
the percentage distribution of C™ in the different portions of the arachidic 
acid molecule. 


3 2 1 
C17H;;—CH:—CH.—CoO OH 
0 24.5 0.7 74.7 


% of total activity 


The activity found in the benzoic acid representing carbon atom 3 and 
the complete lack of activity in the Ci; residue provide convincing evi- 
dence that the 18-carbon chain of linoleate is incorporated intact into 
arachidonic acid. Only linoleic acid and its immediate Cys derivatives 
would present such a distribution of activity. All other fatty acids avail- 
able for reaction would contain molecules labeled throughout the chain, 
having been formed from acetate derived in part from the first 2 carbons 
of the labeled linoleic acid. Ample evidence is available, indicating that 
these carbon atoms are readily available for biosynthetic reactions. For 
example, a recent report from this laboratory (12) revealed that, after the 
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feeding of carboxy-labeled linoleate to mice, label appeared rapidly in the 
cholesterol isolated from these animals. Furthermore, the high activity in 
carbon 1 (the carboxy carbon atom of arachidic acid) attests the fact that 
the acetate pool available for such reactions contains considerable activity, 
since it was shown previously (1) that acetate gives rise to the first 2 car- 
bon atoms of arachidonate. 

This high specific activity of the carboxy carbon of arachidonic acid 
derived from carboxy-labeled linoleate is not surprising in view of earlier 
observations on the activity of CO: eliminated following ingestion of methy] 
linoleate-1-C™ (12). These experiments demonstrated that the amount 
of ingested linoleate oxidatively destroyed (presumably via acetate to CO») 
is large compared with that which manages to become incorporated in- 
tactly into lipides, the fatty acids of which are apparently not readily ac- 
cessible to the 8 oxidation enzyme system; the remarkable stability of this 
stored linoleate toward oxidative destruction may be deduced from the 
protracted period required to deplete essential fatty acids stored in tissues 
of animals maintained on a diet deficient in these substances. The present 
observations thus indicate that arachidonate is elaborated from such oxi- 
dation-resistant linoleate stores, inefficiently augmented by ingested 
linoleate, and an acetate pool which has rapidly attained a high specific 
activity as a consequence of the 8 oxidative catabolism of the bulk of the 
ingested labeled linoleate. The high activity of the behenic acid is pre- 
sumably due to the incorporation into this molecule of two active acetates 
in reactions similar to that bringing about the conversion of the linoleate 
to arachidonate. 

Under the conditions employed, the efficiency of incorporation of linoleate 
into arachidonate is relatively low, presumably because of the rapid oxida- 
tive catabolism of linoleate; the low activity of the petroleum ether-in- 
soluble tetrabromide fraction derived from the residual pool of intact lino- 
leate (about equal to that of the linoleate moiety of arachidonic acid) is of 
interest in this connection. 

Further application of techniques developed in these studies for the elu- 
cidation of the nature of the intermediates involved in the conversion of 
linoleic acid to arachidonic acid in vivo (13) is in progress. 


SUMMARY 


Arachidonic acid from rats fed methy] linoleate-1-C™ was isolated as its 
octabromide, reduced to arachidic acid, and degraded by the non-oxidative 
procedure of Dauben, Hoerger, and Petersen. The distribution of the 
label indicates that arachidonate is synthesized in the rat by the condensa- 
tion of linoleate (or one of its immediate Cs derivatives) with acetate. 
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STRUCTURAL EVIDENCES FOR CHELATION AND SCHIFF’S 
BASE FORMATION IN AMINO ACID TRANSFER 
INTO CELLS*. 


By HALVOR N. CHRISTENSEN{ ann THOMAS R. RIGGSt 


(From the Department of Biochemistry and Nutrition, Tufts University 
School of Medicine, Boston, Massachusetts) 


(Received for publication, August 8, 1955) 


The present communication considers some findings which appear to 
implicate chelation in the amino acid concentration process. The inquiry 
grows out of the finding that pyridoxal stimulates concentration of amino 
acids by Ehrlich ascites tumor cells, and that cells from vitamin Be-defi- 
cient mice show a deficient concentrating ability (4, 5). Metal chelation 
is known to be involved in the catalytic functioning of pyridoxal in non- 
enzymatic systems (6, 7) and at least in some enzymatic systems (8). 
Metal-amino acid-pyridoxal complexes similar to those shown in Fig. 1 
are believed to be involved. 


EXPERIMENTAL 


Cells from mice inoculated 6 to 8 days previously were collected by cen- 
trifugation immediately before study and shaken at 37.5° in about six 
portions of Krebs-Ringer-bicarbonate medium containing the amino acid 
and any other agent under observation. These replaced an equivalent 
amount of sodium chloride. An atmosphere of 95 per cent oxygen and 5 
per cent CO, was maintained. After 2 hours the cells were centrifuged 
and weighed and then extracted with picric acid when glycine was under 
study or with very dilute acetic acid at 100° (“hot water extract’’ (9)) for 
some of the other amino acids. The suspending fluid was freed of protein 
by the same means. Glycine, sarcosine, N-methylalanine, and y-dimethy] 
aminobutyric acid were determined by measuring the formaldehyde re- 
leased by the action of ninhydrin (10). Methylamine and methylamino 
acids yield formaldehyde in this method; the yield, although less than 1 
mole per N-methyl group, was sufficiently reproducible for present pur- 
poses, 

The a-dimethylamino acids and N-methylproline were determined by 


* Supported in part by a grant (No. C-1268-C4) from the National Cancer Insti- 
tute, National Institutes of Health, United States Public Health Service, and by a 
grant from the Abbott Laboratories. Preliminary reports of part of the results have 
appeared (1-3). 

t Present address, Department of Biological Chemistry, University of Michigan 
Medical School, Ann Arbor, Michigan. 
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taking advantage of their low reactivity to chloramine-T and their ability 
to form copper chelates as follows: 0.5 ml. of sample plus 0.5 ml. of 0.05 
N chloramine-T plus 2 ml. of Woiwod’s disodium phosphate solution (11) 
was held at 100° for 10 minutes, cooled, and then treated with Woiwod’s 
copper phosphate suspension. The dissolved copper was then measured 
according to Woiwod’s method. A 5 minute heating period was also satis- 
factory. The proportionality between the quantities of the N-dimethyl- 
amino acid added to tumor cell extracts and the resulting optical density 
is illustrated in Fig. 2 for N-dimethylglycine. 
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Fig. 1. Formation of chelate visualized in the order (1) metal coordination and 
(2) Schiff’s base formation. Secondary amino acids presumably form the carbinol- 
amine structure. Degradation of the amino acid is considered to proceed from tau- 
tomers, as at the right. 

Fig. 2. Illustration of the proportionality between the quantity of N-dimethyl- 
glycine added to a cell extract and the optical density obtained by application of the 
method of Woiwod after destruction of other amino acids by chloramine-T. 


Derivatives of a,y-diaminobutyric acid were measured by applying the 
colorimetric ninhydrin method (12) to the precipitate produced by phos- 
photungstic acid (13). The a-amino-a-methyl acids were determined on 
the basis of the increase in optical density upon increasing the time of 
heating with ninhydrin (12) from 10 to 60 minutes. This is made possible 
by their characteristically slow reaction with ninhydrin (9). 

Study of Chelation—Determinations of absorption were made with the 
Beckman ultraviolet spectrophotometer and of pH with the Beckman 
model G pH meter. Electrometric titrations were made under nitrogen 
with 0.25 N sodium hydroxide for solutions 25 mm in amino acid and 
pyridoxal and 12.5 mo in nickel nitrate. The solutions were homogeneous 
over the pH ranges reported except that, with the combinations dimethyl- 
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glycine-nickel nitrate and dimethylglycine-pyridoxal-nickel nitrate, some 
precipitation occurred above pH 9.3. 

L-a ,y-Bis(methylamino)butyric Acid—t-a,y-Diaminobutyric acid was 
converted to the di-p-toluenesulfonyl (tosyl) derivative (m.p. 152-153°, 
from alcohol) as usual (14). The equivalent weight was confirmed by 
titration with alkali. 1 mmole of the product was treated in 2.5 ml. of 2 
n sodium hydroxide with 4 mmoles of methyl iodide in a sealed tube at 
70° (15). The product precipitated from ethyl acetate by petroleum ether 
was hydrolyzed in 1 ml. of 12 n HCl at 110° overnight. After thorough 
chilling the solution was removed from the crystals of p-toluenesulfonic 
acid, taken to dryness, and then titrated in aqueous solution to pH 6 
with NaOH-activated Amberlite IR-4B resin. The aqueous solution of 
the amino acid monohydrochloride was concentrated in vacuo, and crystal- 
lization was induced by alcohol addition. The product, recrystallized 
from absolute alcohol with an over-all yield of 60 per cent, melted at 
199-200° (all melting points corrected). With ninhydrin (16) the carbon 
dioxide yield was 99 per cent of theoretical. 

y-p-T oluenesulfonamido-L-a-aminobutyric Acid—5 ml. of a 0.6 mm solu- 
tion of the copper salt of L-a,y-diaminobutyric acid (formed by boiling 
the monohydrochloride with copper carbonate) were treated with 1.5 ml. 
of 2N NaOH and 2 ml. of ether. Six portions each of 1.5 mmoles of tosyl 
chloride and six portions each of 2.5 m.eq. of NaOH were added during 
shaking for about 15 hours (in a stoppered tube). The insoluble copper 
salt which formed was dissolved in dilute hydrochloric acid and treated 
with hydrogen sulfide, the copper sulfide was removed, and the solution 
was taken to dryness. ‘Titration in aqueous solution with NaOH to pH 6 
resulted in crystallization of the product, which was recrystallized from 
hot water in 38 per cent yield. The melting point was 200-201°, with de- 
composition; the carbon dioxide released by ninhydrin (15) was 99.8 per 
cent of theoretical. 

1-p-Toluenesulfonamido-L-a-benzamidobutyric Acid—The above product 
was benzoylated in NaOH as usual, and the product was recrystallized from 
alcohol by water addition. It melted at 151° and showed a neutralization 
equivalent of 373 as against the theoretical value of 376; yield 90 per cent 
of theoretical. 

y-Methylamino-a-aminobutyric Acid Monohydrochloride—1 mmole of the 
preceding product was dissolved in 1.55 ml. of 2 N NaOH and treated with 
2 mmoles of methyl iodide as above. Hydrolytic removal of the tosyl and 
benzoyl groups and conversion to the monohydrochloride were performed 
as recorded above, and recrystallization was from 95 per cent ethanol; 
m.p. 201-203°. A degree of racemization during methylation is likely, 
although optical purity was not examined. Since this product was strongly 
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concentrated by cells in spite of the possible presence of the p form, a 
preparation by a route excluding racemization was not considered neces- 
sary. 

y-Amino-L-a-dimethylaminobutyric Acid Monohydrochloride—Because of 
its low solubility y-p-toluenesulfonamido-a-aminobutyric acid was reduc- 
tively methylated at a dilution of 1 mmole per 10 ml. and at 3 atmospheres 
of hydrogen. The ninhydrin color reaction was essentially abolished by 
this procedure. Removal of the tosyl group and crystallization of the 
amino acid monohydrochloride were performed as above with 80 per cent 
recovery. The melting point (from 95 per cent alcohol) was 213-215° 
with decomposition. Reaction with ninhydrin failed to evolve CO.. 

Reductive Methylations—N-Dimethylglycine, N-methy]-t-proline, and 
y-dimethylaminobutyric acid were prepared by the action of formalde- 
hyde and formic acid (17). N-Methylproline hydrochloride was crystal- 
lized from glacial acetic acid and melted at 188° with decomposition. 
y-Dimethylaminobutyric acid hydrochloride was crystallized from alcohol 
in 48 per cent yield and recrystallized from acetone to give large crystals 
melting at 151-152°. p1i-a-Aminobutyric acid, L-a ,y-diaminobutyric acid, 
and +-p-toluenesulfonamido-a-aminobutyric acid were methylated with 
hydrogen and formaldehyde with a charcoal-palladium catalyst according 
to Ingram (18) by the method of Bowman and Stroud (19). In each case 
chromogenicity to ninhydrin (12) was essentially eliminated. p1-a-Di- 
methylaminobutyric acid, crystallized from a few drops of anhydrous 
ethanol by ethy] acetate addition, melted at 173-175°; Friedmann records 
179° (20). The bis(dimethylamino)butyric acid monohydrochloride, nee- 
dles obtained from absolute alcohol, decomposed upon heating to 203°. 

The N-methyl derivatives of a-aminoisobutyric acid were readily obtained 
by the Strecker synthesis (21) from acetone and methylamine or dimethyl- 
amine. a-N-Dimethylaminoisobutyric acid hydrochloride melted at 246- 
247°. 


RESULTS AND DISCUSSION 


Effect of Spacing: between Amino and Carboxyl Groups—Both a- and 
8-amino acids are concentrated. 6-Alanine (22) is concentrated essentially 
as well as a-alanine (23). But, as will be shown below, y-aminobutyric 
acid is not concentrated to a significant extent. Here is a very close paral- 
lelism to the stability of the copper salts of the amino acids, a situation 
which might be explained by chelation during transfer. 

Primary, Secondary, and Tertiary Amino Acids—From the preceding re- 
sult one might suggest that a heavy metal is the amino acid carrier. There 
is, for example, the known association between amino acid distribution 
and copper metabolism in Wilson’s disease. This simple theory appears 
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to be excluded by the finding that N-dimethylglycine is only slightly con- 
centrated, and a-dimethylaminoisobutyric acid, N-methyl-1-proline, and 
N-dimethylamino-n-butyric acid are not concentrated at all (Fig. 3). 
Sarcosine, N-methylalanine, proline, hydroxyproline, and a-methylamino- 
jsobutyric acid are concentrated to substantial extents. These amino 
acids form chelates readily, for example copper salts. Apparently the 
amino group not only must be near enough to the carboxyl group, but also 
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Fic. 3. Comparison of concentrative transfer of primary, secondary, and tertiary 
amino acids by ascites cells. Time 2 hours; initial amino acid levels 20 to 30 mm for 
the suspension and uniform for each curve. The curve marked glycine illustrates the 
comparison of the concentration of glycine, sarcosine, and dimethylglycine. The 
curve marked a-aminoisobutyric shows the effect of N-methylation of this amino 
acid. The lowest curve compares the concentration of L-proline and N-methyl-1- 
proline. 


must be either primary or secondary. It was recognized earlier (24) that 
an acylamino group would not serve. 

As soon as the failure of tertiary amino acids to be concentrated was 
appreciated, it was suspected that they would be innocuous to the transfer 
of other amino acids. In general strongly concentrated amino acids are 
strong antagonists to the transfer of others (9). Table I illustrates verifi- 
cation of this idea; adding a second N-methyl group to a-aminoisobutyric 
acid terminated its inhibitory action on glycine concentration. This find- 
ing probably eliminates a possible explanation entertained earlier for the 
inhibitory action of ethylenediaminetetraacetic acid; namely, that being 
itself an amino acid it competes with other amino acids for the carrier. 
As a tertiary amino acid it probably cannot bind the carrier, and more 
likely the competition is for a metal ion. 
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The linkage anticipated between pyridoxal and an amino acid, namely 
Schiff’s base formation, can occur with either primary or secondary amino 
groups. In the former case the aldimine and carbinolamine forms are 
both possible, whereas the Schiff base of the secondary amino group is 
restricted to the carbinolamine form (Fig. 1). The present results, except 
perhaps for the apparent small concentration of dimethylglycine, are com- 
patible with the formation of metal-stabilized Schiff’s bases in the transfer 
of amino acids. 

Two methods, absorption and titrimetric, were used to investigate com- 
plex formation between amino acid, pyridoxal, and metal ion. Fig. 4 


TABLE I 


Comparison of N-Methyl- and N-Dimethyl-a-aminoisobutyric Acids As Inhibitors 
of Amino Acid Concentration 


In Experiment 322 the distribution of the endogenously present amino acids was 
observed after 2 hours by the colorimetric ninhydrin method. When the inhibitor 
was absent, the final cellular concentration found was 73 mm for the cell water and 
5.0 mn for the suspending fluid. In Experiment 323 glycine was added to produce a 
concentration of 1.8 mm in the suspension; the time of incubation was 1 hour. 
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| Distribution ratio, test amino acid 
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Experiment Tac : . Initial inhibitor I s -aminoi ic 
—— Test amino acid | concentration ’ | n ee? aman 

inhibitor §=|—————— << 
| | | N-Methyl | N-Dimethyl 

~~) (ie corr“ oc 
322 All endogenous 32 14.6 4.51 12.6 
; = - | 63 14.6 3.64 
323 Glycine | 1.8 10.0 5.15 9.4 
“ 9.0 10.0 2.52 | 9.5 


shows the increase in absorption at about 900 muy, characteristic for the 
aldimine structure, which appears when pyridoxal and glycine-nickel salt 
are mixed in neutral solution (25). With sarcosine only small changes in 
absorption occur in this region, although chelation is made evident by the 
pH changes described below. Under the same circumstances N-dimethyl- 
glycine-nickel salt plus pyridoxal shows an absorption essentially unchanged 
from that calculated for the physical mixture. 

Whereas complex formation between a neutral a-amino acid and a metal 
ion leads to displacement of a hydrogen ion (Reaction 1, Fig. 1), the com- 
bination with pyridoxal (Reaction 2), if subsequent, does not. Neverthe- 
less, there are characteristic decreases in pH (and therefore shifts in the 
position of the titration curve) upon the addition of pyridoxal, attributable 
to increases in the stability of the amino acid-metal complex, bringing Re- 
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action 1 nearer to completion. If the reactions are visualized in the oppo- 
site order, the displacement of the hydrogen ion would be attributed to 
Schiff’s base formation. In Fig. 5 the experimental titration curve for the 
mixture of glycine-nickel salt and pyridoxal is compared with the pre- 
dicted titration curve, based on the separate titrations of glycine-nickel 
salt and of pyridoxal. By the same method, a similar interaction is es- 
tablished between sarcosine-nickel salt and pyridoxal, whereas no reac- 
tion occurs between nickel-dimethylglycine and pyridoxal, or at least 
no reaction involving a change in the stability of the metal-nitrogen bond. 
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Fic. 4. Absorption changes on mixing amino acid-nickel salts and pyridoxal. 
The curves represent the absorption found for the combination less the sum of the 
absorption of the amino acid-nickel salt and the absorption of pyridoxal. Concen- 
trations of amino acid and pyridoxal 30 mm, of nickel nitrate 15mm. Time 66 hours; 
final"pH 8.2 + 0.1. 


The foregoing results indicate that for active biological transfer it is not 
enough for the amino group to lie within a specified distance from the 
carboxyl group; it must also be a primary or secondary amino group. 
Furthermore, these structural requirements correspond to the requirements 
for the formation of a metal-stabilized Schiff’s base. 

Réle of Aromatic Hydroxyl Group and Methylol Group of Pyridoxal—Phos- 
phorylation of the 5-methylol group of, pyridoxal is probably not involved 
in the present stimulatory activity: first, because pyridoxal phosphate is, 
if anything, less active than pyridoxal (5), and, secondly, because the 
benzene analogue of pyridoxal, 4-nitrosalicylaldehyde, is also strongly stim- 
latory (Fig. 6). Furthermore, 5-deoxypyridoxal' is quite as active in this 
respect (7). 

'Gift of Dr. Karl Pfister, 3rd, Merck and Company, Inc. 








EQUIVALENTS ALKALI 








CHELATION IN AMINO ACID TRANSFER 


The 3-hydroxy] group, in contrast, is essential to the action of pyridoxal, 
as shown by the inactivity of the 3-methoxy analogue! (Table II). 
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Fig. 5. Titration changes on mixing amino acid-nickel salts and pyridoxal. For 
each amino acid the curve on the right represents the sum of the titration of the 
amino acid-nickel salt and the titration of the pyridoxal. The curve at the left repre- 
sents the actual titration curves obtained for the mixture. With dimethylglycine 
the titrations were indistinguishable. 

Fia. 6. Effects of pyridoxal, 4-nitrosalicylaldehyde, and 5-deoxypyridoxal on gly- 
cine concentration by the ascites cells. The relative distribution ratio is 100 times 
the ratio of the cell glycine to the extracellular glycine level in the presence of an 
agent divided by the distribution ratio in the absence of the agent. A, pyridoxal; 
X, 5-deoxypyridoxal; O, 4-nitrosalicylaldehyde. 


TaBLeE II 
Illustration of Lack of Stimulatory Action by 3-O-Methylpyridoral 


The aldehyde was added to the cell suspension at a 0.9 mm level and the amino 
acid ata 2mm level. The recorded distribution ratios, the cell glycine level to extra- 
cellular level, were obtained after 1 hour. 


| 








Amino acid distribution found 


Experiment No. | Amino acid studied as ae ae EET 











| | No addition | Pyridoxal added | 3 O-Methyt 
326 | Glycine | 8.0 | 10.4 8.4 
327 Sarcosine 11.2 17.7 10.9 





phenolic group is well known to be involved in the complex formation of 
the type under consideration (cf. (26)). It exists in the dissociated (phe- 
nolate) form at ordinary pH values, a pK of 4.23 having been found (27). 
Salicylaldehyde is inactive in the transfer process; 4-deoxypyridoxine is 
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also inactive (5). At higher levels it becomes inhibitory, but this is also 
true of pyridoxal. The requirement for three characteristic structures for 
stimulatory action (the aldehyde group, the phenolic hydroxy] group, and 
the nitro group or ring nitrogen) is understandable in terms of Reaction 2 
of Fig. 1. 

Réle of a-Hydrogen—The l\abilization and migration of the a-hydrogen 
of the amino acid are considered necessary for many degradative reactions 
catalyzed by pyridoxal derivatives (see the reactions in Metzler et al. (6)). 
a-Aminoisobutyric acid, for example, which lacks an a-hydrogen, appears 
to escape degradation when it is fed to animals. This amino acid, how- 





TaBLe III 
Concentration by Carcinoma Cells of Amino Acids Lacking an a-Hydrogen 


The analytical results represent essentially quantitative recoveries of the amino 
acid added. About 200 mg. of cells were taken per ml. of suspension. The time of 
incubation was 2 hours. 








Cellular a -— “ Gradient 

mu pe keg. oupe kg. ann oe Se. 
a-Methyl-pt-methionine...................} 61.1 18.5 3.30 43 
Fn ee 18.0 3.02 36 
ee 54.9 19.1 2.87 36 
a-Aminoisobutyric acid.................... §2.2 17.0 3.07 35 
a-Methyl-pu-serine......................... 73.9 18.1 4.08 56 
a-Methylolserine.....................0000- 56 18 3.1 38 
a-Methyl-pL-a-aminobutyric acid. ......... 71.9 17.7 4.06 54 
a-Methyl-pu-aspartate....................| 9.76 22.4 0.44 -13 
a-Methyl-pL-asparagine.................... 53.6 13.6 3.94 40 
a-Methyl-pu-glutamate.................... 7.61 20.6 0.37 —13 

















ever, is more strongly concentrated by the carcinoma cells than analogous 
straight chain amino acids. This is true also for a-methyl-pt-methionine,' 
a-methyl-pL-serine,! a-methylolserine, a-methyl-pL-a-aminobutyric acid, 
and a-methyl-pL-asparagine' (Table IIT). In the rat a-aminoisobutyric 
acid, a-methylserine, and a-methylolserine (bis(a-methylol)glycine) are 
concentrated by various tissues and as a consequence lost slowly from the 
organism (28). In contrast to the six neutral amino acids investigated, the 
dicarboxylic acids, a-methyl-pL-aspartic acid' and a-methyl-pi-glutamic 
acid,' are not concentrated at all (Table III). On comparing a-methy!l- 
asparagine and a-methylaspartic acid, it appears that the a-hydrogen 
group becomes necessary for transfer when the 6-carboxyl group is free. 
That the dicarboxylic and neutral amino acids belong to two different 
classes with regard to transfer has been recognized; competition occurs only 
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within the classes (9). Conceivably, transamination may even be involved 
in the apparent accumulation of glutamate by these cells. 

If complexes similar to those of Fig. 1 are involved in the transport 
process for neutral amino acids, clearly they do not need to tautomerize to 
the imino acid form (lower right section, Fig. 1). In fact, one would con- 
clude that such structural shifts are disadvantageous to concentrative 
transfer. The prevention of further rearrangement of the aldimine form 
may explain the stronger transfer of amino acids lacking the a-hydrogen. 

Réle of Second Nitrogenous Group in Amino Acid Structure—Additional 
evidence for chelation is supplied by the behavior of a,y-diaminobutyric 
acid and a,8-diaminopropionic acid. These, especially the former, are so 
strongly concentrated as to be destructive to the cell; the organic cation 
rapidly displaces the cell potassium and causes tremendous swelling (29). 
The abrupt increase in activity in the series of diamino acids in going from 
ornithine to diaminobutyrate (Fig. 7) seems to be best explained on steric 
grounds; a,y-diaminobutyric acid and a,8-diaminopropionic acid are the 
only members of the series which can form stable rings of five or six mem- 
bers involving the two amino groups and a metal ion. Albert has shown 
titrimetrically that the copper salts of these two amino acids involve mainly 
both amino groups, and to a smaller extent the a-amino group with the 
carboxyl group, whereas the copper salts of ornithine and lysine have 
largely the usual structure (30). 

In the same way the Schiff bases of these two diamino acids are probably 
chelated to both nitrogens as illustrated in Fig.8. By using Job’s method 
of continuous variation (31, 32) the highest absorption was obtained from 
pH 4.8 to 7.2 when the molar ratio nickel-pyridoxal-diamino acid was 
1:2:2. At pH 10.4, however, the combination in the proportions 1:2:1 
absorbed much more strongly (Fig. 9). An absorption maximum occurred 
at about 940 my in all cases, supporting an aldimine structure. These re- 
sults support the composition Ni(pyridoxal).(diamino acid), at pH 7.2 and 
Ni(pyridoxal), diamino acid at pH 10.4. The former probably resembles 
Structure A, Fig. 8, with uncertainty as to which nitrogen participates in 
Schiff’s base formation. The y-amino group is perhaps more likely, judg- 
ing from the dissociation constants (30), from the experience with ornithine 
transamination (33, 34), from the studies by Witkop and Beiler on the 
infra-red spectra of the pyridoxylidene derivatives of lysine and ornithine 
(35), and from the preference shown for the y-amino group in acylations 
(36). 

The composition, Ni(pyridoxal),diamino acid, probably corresponds to 
the double Schiff base (Structure B, Fig. 8) analogous to the well studied 
metal-salicylaldehyde-ethylenediimine chelates (cf. (26)). Chelates of the 
above two compositions were readily prepared and separated from aqueous 
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methanol (37), thus confirming the conclusions from the absorption meas- 
urements. 


Under biological conditions the monopyridoxylidene derivatives of the 
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Fig. 7 Fia. 8 
Fie. 7. Extent of concentration of a,w-diamino acids and a-monoamino acids by 
ascites cells as a function of chain length. Comparisons made at about 10 mm initial 
concentration in the cell suspension. 
Fic. 8. Two possible chelates of a,y-diaminobutyric acid-pyridoxylidene deriva- 
tives. In the monopyridoxylidene derivative the a-amino rather than the y-amino 
group may be linked to pyridoxal. 
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Fic. 9. Change in composition of the most stable nickel-pyridoxal-diaminobuty- 
rate chelate with pH. X, optical density at 940 my obtained with nickel 8 mm, py- 
ridoxal 16 mM, and diaminobutyrate 16 mm. O, optical density obtained with nickel 
10 mm, pyridoxal 20 mm, and diaminobutyrate 10 mm. Lower densities were ob- 
tained with other combinations totalling 40 mm in concentration. 


diamino acids would be the more likely to occur, considering the pH and 
the relatively low pyridoxal levels. 

Concentrative Transfer of Derivatives of Diaminobutyric Acid—The above 
results probably explain the failure of bis(methylamino)butyric acid to be 
well concentrated by the tumor cells (Table IV), because this amino 
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acid would be expected to form a quite different derivative with pyridoxal 
and metals, presumably an imidazolidine derivative. The characteristic al- 
dimine absorption at about 940 my was not obtained with it in the presence 
of pyridoxal and nickel. A single methy! group on the y-amino group 
abolished neither aldimine formation nor biological transfer. Two N- 
methyl! groups at the a position, however, almost eliminated concentrative 
uptake (Table IV), although y-amino-a-dimethylaminobutyric acid still 
formed a chelate of aldimine structure with pyridoxal and nickel. 
Blocking of the y-amino group to Schiff’s base formation is well illus- 
trated by 2-pyridyl-pi-alanine, which is very well concentrated (5) and 
chelates readily with pyridoxal and nickel. Despite the likelihood that 


TaBLe IV 
Concentrative Uptake of Aminobutyric Acid Derivatives 


Conditions same as those in Table III. The results are averages for the number 
of trials indicated. 





Final distribution, mm per kilo 





water 
. . No. & Orteineg —____. soja 
Amino acid trials | level | Ratio 
| Cell | Fluid (A) | Gradi- 
(4) | ©) ‘By | ent 


| 
L-a,y-Diaminobutyric acid.............. | 4 | 19.8] 99.0! 5.28 18.7] 98.7 
L-a-Amino-y-methylaminobutyric acid. . 3 19.3 | 82.5 | 15.0 | 5.50) 67.2 
L-a,y-Bis(methylamino)butyric acid... . 4 20.1 | 25.6 | 21.1 | 1.21 4.5 
L-a-Dimethylamino-y-aminobutyric acid..| 4 19.5 | 23.8 | 23.2 | 1.03 0.6 
L-a,y-Bis(dimethylamino)butyric acid....| 1 19.5} 0.0} 19.0} 0.0} —19.0 
y-Aminobutyric acid.....................} 1 15.1 | 15.9 | 15.2] 1.05 0.4 
DL-a-Dimethylamino-n-butyric acid......| 2 | 20.6 8.24) 22.4 | 0.37) —14.2 




















the y-amino group may react more readily with pyridoxal in the test-tube, 
it is concluded that abolition of the possibility of Schiff’s base formation 
with this amino group does not greatly diminish biological transfer, whereas 
abolition of the possibility of reaction by the a-amino group is critical. 


SUMMARY 

1. The structural features which influence the biological transfer of 
amino acids into the Ehrlich ascites carcinoma cells (position of the amino 
group; primary, secondary, or tertiary state of the amino group; position 
of a second amino group; tertiary state of that amino group) also modify 
the reaction with pyridoxal in the presence of metals in a manner consist- 
ent with the participation of this reaction in the transfer process. 

2. A structural feature which prevents tautomerization of the pyridox- 
ylidene derivative of the amino acid intensifies its biological transfer. 
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3. Three structural features of aromatic o-hydroxyaldehydes which are 
necessary for the stimulation of amino acid transfer are pertinent to the 
formation and stability of chelated Schiff’s bases with amino acids. 

4. Tertiary a-amino acids do not interfere with the concentration of 
other a-amino acids. Accordingly, the inhibitory action of ethylenedia- 
minetetraacetate must be upon another basis. 

5. L-a,y-Diaminobutyric acid forms both mono- and bispyridoxylidene 

chelates containing 1 nicke] atom for each 2 pyridoxal residues and giving 
absorption evidence of the aldimine structure. The relative stabilities of 
these chelates depend upon the pH. 
Ro. Blockage by methylation of aldimine formation at both amino groups 
or of Schiff’s base formation at the a-amino group largely abolishes con- 
centrative transfer of diaminobutyric acid into cells. The presence of a 
y-amino group, however, stimulates concentrative transfer, even though it 
may be tertiary. 


The assistance by Miss Anita Aspen, Miss Stella Mothon, and Mrs. 
Barbara Coyne Cutler is gratefully acknowledged. 
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METAL-CHELATED PYRIDOXYLIDENE DERIVATIVES OF 
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In looking for an explanation for the remarkable ability of cells to ac- 
cumulate diaminopropionic and a,y-diaminobutyric acids (1) considera- 
tion has been given to the possible formation by these compounds of che- 
lated pyridoxylidene derivatives of a special character. An accompanying 
report (2) indicates why chelation and pyridoxal have been considered in 
this connection. 

The metal chelates of the double Schiff base, bis(salicylaldehyde)-ethyl- 
enediimine (Fig. 1), have been studied extensively, particularly by Pfeiffer 
and by Calvin and their collaborators (3). An analogous derivative of 
pyridoxal (II, Fig. 1) was suggested by Baddiley (4) as an intermediate in 
enzymatic transamination, whereby a pyridoxylidene derivative of an 
amino acid, on one hand, and the Schiff base of pyridoxamine and a keto 
acid, on the other, are joined to a single metal atom. Importance was 
attributed in this proposal to the binding of these 2 Schiff base molecules 
to 1 metal ion. The tyrosine chelate isolated by Baddiley contained, how- 
ever, only 1 copper ion per amino acid residue. 

An extensive catalytic activity of pyridoxal for amino acids in the pres- 
ence of certain metals but in the absence of enzymes was discovered by 
Metzler and collaborators (5-10). Furthermore, a requirement for cop- 
per in an enzymatic decarboxylation was shown (11). Their formulations 
(e.g. III) stress the stabilizing action of the metal for the Schiff base and 
do not include the concept of a joining of two interacting amino acids into 
one structure. The a-carboxyl group is alternatively shown joined to the 
metal or free (5). 

By spectrophotometric observation Eichhorn and Dawes (12) confirmed 
the formation in solution of chelates of copper (or nickel) with alanine and 
pyridoxal on one hand or with pyruvate and pyridoxamine on the other. 
Indistinguishable chelates were formed by the two routes. In the case of 
nickel, the composition NiPyr.Ala,' was indicated by the method of con- 

* Supported in part by a grant (No. C-1268-C4) from the National Cancer Insti- 
tute, National Institutes of Health, United States Public Health Service, and by a 
grant from the Abbott Laboratories. 

+ Present address, Department of Biological Chemistry, University of Michigan 
Medical School, Ann Arbor, Michigan. 

1M = metal, Gly = glycine, Pyr = pyridoxal, AA = amino acid, Ala = alanine. 
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tinuous variation. Their formulation resembles that of Baddiley in that 
two Schiff bases are joined to 1 metal atom; it differs in that both carboxy] 
groups, in addition to the two phenolic and the two imino groups, are 
shown coordinated to the metal. One must, however, conclude that cop- 
per, not being hexacovalent, cannot link two amino acids together in 
precisely this way. 

a,8-Diaminopropionic acid and a,y-diaminobutyric acid (DIAB) are 
more analogous to ethylenediamine than are the monoamino acids. Ac- 
cordingly, it was suspected that their chelated Schiff’s bases with pyridoxal 





Fic. 1. Some suggested chelate structures. I, chelate of bis(salicylaldehyde)- 
ethylenediimine (3). II, mixed chelate of two different Schiff bases with 1 metal 
atom (4). III, chelate of single metal atom with pyridoxylidene-amino acid (5). 
The methyl and methylol groups on the pyridine rings have been omitted. 


might have structures like that of bis(salicylaldehyde)-ethylenediimine, in- 
volving both amino groups rather than the a-amino group and the car- 
boxyl group. In analogy, Albert has obtained evidence that solutions of 
the copper complexes of these two amino acids involve mainly the two 
amino groups (13). When the amino groups are farther separated than in 
DIAB, chelates involving both amino groups would be much less stable. 
The abrupt decrease in the concentrative activity in going from these two 
amino acids to ornithine and lysine might be explained in this way. 

The existence of mono- and bis(pyridoxylidene) chelates of DIAB in 
solutions has already been indicated by the continuous variation of the op- 
tical density with the concentration of the constituents (2). In the present 
study two series of chelates have been found to separate from methanol, 
methanol-water, or methanol-ethanol solutions: monopyridoxylidene deriv- 
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atives when 1 molar equivalent of pyridoxal has been added and dipyridox- 
ylidene derivatives in the presence of 2 molar equivalents of pyridoxal. 
The glycine chelates prepared in a similar way contained in general 1 metal 
atom for each amino acid residue, as did also the bis(pyridoxylidene) de- 
rivatives of DIAB. In contrast, however, the manganous and nickel che- 
lates of the monopyridoxylidene derivative of DIAB contained only 1 
metal atom per 2 amino acid residues. 


EXPERIMENTAL 


Glycine was dissolved in methanol containing 1 equivalent of KOH and 
L-a,y-diaminobutyric acid dihydrochloride was dissolved in methanol con- 
taining 3 equivalents of KOH. In the latter case, KC] was removed by 
centrifuging. 1 or 2 molar equivalents of pyridoxal were added and dis- 
solved by shaking, followed immediately by the metal acetate in water or 
methanol, as indicated in Table I. In the case of the monopyridoxylidene- 
DIAB a full millimolar equivalent of copper gave roughly maximal precipi- 
tation, but for the other metals only 0.5 mole of metal per mole of Schiff’s 
base was added. The nickel and zinc chelates failed to precipitate in the 
presence of a full mole, and the yield of the manganous chelate was not 
increased by a second 0.5 mole of metal. Yields generally exceeded 50 per 
cent, except that only a small precipitate was obtained with magnesium- 
and monopyridoxylidene-DIAB. In the case of glycine, delay in adding 
the metal led to crystallization of the potassium salt of the Schiff base (14). 
Later results suggest that NaOH may be more convenient than KOH, 
since the sodium salt would not be crystallized. Whereas the potassium 
salts of the double Schiff bases of ornithine and lysine crystallized heavily, 
no tendency toward precipitation was observed with DIAB. 

In preparing the copper chelates the methanol served only to eliminate 
KCl during the preparation of the solution of the potassium salt of the 
diamino acid, the chelates being only slightly soluble in water. 

The chelates precipitated during several minutes, usually in the tracks 
of the stirring rod on the glass walls, even though crystalline structure in 
only half the instances was apparent on microscopic examination. Gran- 
ules arranged in rosettes or threads were obtained in the other instances, 
except that two precipitates (Table I) appeared entirely amorphous. The 
chelates were in most cases washed twice with methanol and once with 
water whenever the solubility was low. Although recrystallization was in 
most cases avoided, the two preparations which were recrystallized were 
not changed significantly in composition. The preparations were dried at 
64° in the presence of P,O;. Chelates were also observed with cobalt, but 
these were not examined. 


The manganese chelate of monopyridoxylidene-DIAB was a particularly 
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beautiful orange crystalline precipitate, notably insoluble in contrast to 
the glycine chelate and the bis(pyridoxylidene) chelate. In general the 
monopyridoxylidene derivatives of DIAB appeared to be the less soluble 
ones. 


TaBLeE I 
Method of Preparation and Appearance of Chelates 














| Diaminobutyrate 
Glycine wil 
Metal Monopyridoxylidene | Bis(pyridoxylidene) 
3 z | E 
2 Appearance = Appearance = Appearance 
a = = 
Cupric A | Green, granulart A | Green, granulart A| Green, 
needlestt 
Nickelous | ‘‘ | Yellow, needles A” | Yellow,f§ needles | B| Yellow, gran- 
; ular 
Manganous | B| Brown, granular A’ | Orange,t spherules 
and cubes 
Zinc «| Light yellow,t “| Light yellow, B| Yellow 
amorphous spherules 
Magnesium | ‘ | Light yellow, B’ | Light yellow, 
partly crystal- amorphous 
line, tetragonal | 
rods | 




















* Method A, molar equivalent of aqueous metal acetate solution (for Cu, 0.36 m; 
for Ni, 0.8 m; for Mn, 1 m) added to 0.28 m methanol solution of the potassium salt 
of the appropriate pyridoxylidene derivative. Method A’, same as Method A, ex- 
cept that 0.5 of a molar equivalent of metal was used. Method A”, same as Method 
A’, except that an equivalent of acetic acid was added to induce crystallization. 
Method B, same as Method A, except that the hydrated metal acetate was dissolved 
in methanol (Ni and Mn, 1 m; Mg, 0.4 m; Zn, 0.25 m). Method B’, same as Method 
B, except that ethanol was added to first permanent turbidity. 

t Slightly soluble in water. 

t Recrystallized from warm methanol. 

§ Recrystallized by dissolving in water and then concentrating in vacuo. 


Analytical 


The analytical procedures used were examined by testing the recovery 
of a quantity of the desired constituent in the presence of the other two 
ingredients of the chelate. In the case of copper and nickel the metal was 
permitted to react with the other two constituents; without separating 
any precipitate the mixture was taken to dryness and the analytical pro- 
cedure was applied to the residue. 

Pyridoxal was determined according to Metzler and Snell (6). The op- 
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tical density with ethanolamine at 375 my was not modified by large ex- 
cesses of copper or of the amino acids used. A quantity of pyridoxal con- 
verted to the nickel-DIAB chelate was accurately recovered. 

The amino acid was determined by the color given with ninhydrin (15) 
which gave satisfactory recoveries except with one of the copper complexes. 
Added cupric sulfate interfered with CO, release by ninhydrin at pH 2.5; 
this effect could be prevented by the use of an oxalate buffer, but this de- 
vice still did not permit the recovery of the carboxyl group of the copper 
chelates. The release of formaldehyde from glycine by ninhydrin was also 
deficient in the copper chelate. Accordingly, the copper chelates were 
analyzed also for N by the Dumas method.? ; 

Solvation, which seems probable from several of the analyses, was not 
measured. Acetic acid was present in only insignificant quantities in the 
chelates (as shown by steam distillation from phosphoric acid solutions) 
except in two-cases (Table IT). 

Nickel, copper, zinc, and magnesium were all determined colorimetrically 
as their respective chelates with dimethylglyoxime (16), sodium diethyl- 
dithiocarbamate (17), diphenylthiocarbazone (18), and titan yellow (19). 
In the case of zinc the chelate was extracted with carbon tetrachloride 
rather than chloroform. Manganese was estimated colorimetrically after 
oxidation to permanganate (20). Potassium was determined with a Bar- 
clay flame photometer, with an internal lithium standard. 


RESULTS AND DISCUSSION 


In Table II are summarized the analyses of the various preparations. 
The agreement with theoretical proportions was in most cases satisfactory, 
considering that the analyses were colorimetric and that recrystallization 
had been avoided. The precipitate formed with copper when 1 mole each 
of pyridoxal and DIAB was in solution together showed variable defi- 
ciencies of amino acid for the expected composition and undoubtedly in- 
cluded CuPyr. The analyses for the chelates of manganese and magnesium 
with pyridoxal and glycine showed the presence of acetate and of an excess 
of the metal relative to pyridoxal and glycine. If one assumes the presence 
of M(OAc)2, the remaining metal content was approximately equivalent 
to the glycine and pyridoxal content. The apparent M(OAc). was in- 
constant. Coprecipitation seemed to be involved, since M(OAc), alone 
did not precipitate under similar conditions. 

Apparently the association of a hydrogen ion to the pyridine N is sup- 
pressed in the chelates, since they did not precipitate as acetates. The 
glycine chelates appear from the analyses to be neutral molecules rather 
than cations. They include in each case 1 atom of metal for each molecule 


2 By Spang Microanalytical Laboratories, Plymouth, Michigan. 
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of Schiff’s base, although presumably only three coordinate links to the 
metal are formed. The probable structure (III, Fig. 1) shows two anionic 
groups (carboxylate and phenolate) bonded to the metals, which in each 


TaBLeE II 
Composition of Preparations 
Dried over P.O; at 64°. The amino acid determinations were by the colorimetric 
ninhydrin procedure except as indicated. Two or more preparations each of the 
nickel, copper, and manganese chelates were examined. 


























Calculated Found 
Hypothetical composition 
Pyridoxal a AA Pyridoxal Me AA 
yr Pyr Pyr Pyr 
mM per mM per 
gm. gm. 

Oe ee 2.93 1.00 1.00 2.88 0.99 0.98 
DIAB2Pyr.Ni........... fie ela ld 3.52 0.50 1.00 3.39 0.52 0.97* 
6 S| | 4.23 0.50 0.50 3.64 0.53 0.53 
GlyPyrCu...................] 3.50 1.00 1.00 3.02 1.03 0.917 
DIABPyrCu................|} 3.08 1.00 1.00 3.02 | 1.01 0.74 
DIABPyr.Cu................. 4.19 0.50 0.50 3.74 | 0.48 0.53§ 
oe 3.12 1.00 | 1.00 | 2.39 | 0.90]) | 0.94 
DIAB;Pyr:Mn................ 3.41 | 0.50 | 1.00 | 3.30 | 0.49 | 1.04 
ooo re 3.48 1.00 1.00 3.28 | 1.1 | 0.97 
Cn | 3.02 1.00 1.00 | 3.10 | 1.03 
DIABPyroZa................. 4.23 | 0.50 | 0.50 | 3.74 | 0.5 | 0.51 
ee 4.06 1.00 1.00 3.06 0.99 1.00 
DIABPyrMg................. 3.44 1.00 1.00 3.30 0.9 1.03 
EN irene bins isriys divinicwies 3.83 1.00 1.00 3.76 1.00 1.02 








* By the manometric ninhydrin method. 

} Total N less pyridoxal N gave a value of 1.04. 

t Other preparations gave values of 0.75 and 0.63; the latter was confirmed by N 
analysis. 

§ Total N less pyridoxal N gave the same value. 

|| After correcting for 0.72 mole of Mn(OAc), per mole of chelate, bused on acetate 
found. 

4 After correcting for 0.43 mole of Mg(OAc). per mole of chelate, based on ace- 
tate found. 


case are divalent. ‘The tendency of the iron group elements to form posi- 
tive rather than negative ions presumably leads to low stability for the 
hypothetical chelate in which 2 molecules of Schiff’s base would be bound 
to the metal by four anionic and two imino groups. Isolation of chelates 
of the composition, GlyPyrM, does not, of course, prove that the mole- 
cule, Gly2PyreM, is absent in solution. 

With the bis(pyridoxylidene)-DIAB chelates, the structure is presumed 
to be analogous to that of bis(salicylaidehyde)-ethylenediimine chelates 
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(see Structure B in Fig. 8 of an accompanying paper (2)). In this case two 
anionic (phenolate) groups and two imino groups are linked to the metal. 

Only in the case of the monopyridoxylidene chelates of DIAB with man- 
ganous and nickelous ions did a single: metal atom join 2 Schiff base 
molecules. This is taken as evidence for a different structure for the 
monopyridoxylidene-DIAB chelates (see Structure A in Fig. 8 of an accom- 
panying report (2)). Particularly with nickel, a chelate in which the 
amino, imino, and carboxylate groups are all coordinated to 1 metal atom 
seems unlikely on stereochemical grounds. Therefore presumably only 
one anionic group (the phenolate) of the Schiff base is joined to the metal, 
and 2 Schiff base atoms may be coordinated without contributing a 
negative charge to the metal. 

The particularly low solubility of these two chelates, relative to that of 
the other chelates of nickel and manganese, and the distinctive color of the 
manganese chelate also suggest a different structure for them. These re- 
sults support the view that chelated pyridoxylidene derivatives of special 
structure are formed by DIAB, which may account for the particularly 
strong concentration of this amino acid by cells. 

The addition of zinc acetate and magnesium acetate to the pyridox- 
ylidene-amino acids led to lighter rather than deeper colors, in contrast to 
the heavier metals. The chelates formed by zinc and magnesium may well 
have ionic rather than covalent bonds. The presence of approximately 1 
atom of divalent metal per molecule of Schiff’s base argues that these are 
not simple metal salts, like, for example, the potassium salt. Stabilization 
of the Schiff base in water by magnesium was also obvious upon colori- 
metric observation. 

The question may be raised whether the potassium salt of pyridoxylidene- 
glycine is not also a chelate. The o-salicylaldehyde type of structure is 
known to form chelates with the alkali metals in non-aqueous solutions, al- 
though more stable chelates would be anticipated with sodium than with 
potassium. Sidgwick (21) has taken high solubility in organic solvents as 
an evidence of chelation; by this criterion one might attribute the surpris- 
ing difference in the solubility of the sodium and potassium derivatives to 
chelate formation by sodium. 

A chelation of two anionic groups (phenolate and carboxylate) with an 
alkali metal atom, does not, however, seem probable. Chelation of the 
alkali metals with pyridoxal itself is regarded as more likely. Pyridoxal 
produces a marked redistribution of sodium and potassium between cell 
and extracellular fluids; at low levels of pyridoxal the potassium exodus is 
more marked than the sodium influx (22). This effect may be due to 
chelation of one or both metals by pyridoxal. 

In this connection we have observed that the titration curve and the 
curve relating the optical density of pyridoxal solutions at 400 mu to pH 
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are shifted upwards in the presence of calcium or magnesium chloride. 
These effects are taken to indicate chelation. Smaller effects of the same 
kind are produced by lithium and sodium chloride, in that order, relative 
to potassium chloride solutions (23). This differential ability of pyridoxal 
to bind sodium and potassium in aqueous solution may well be the key to 
the biological transport of these ions. 


SUMMARY 


1. Chelates of several metals with the Schiff bases of pyridoxal with 
glycine and a,y-diaminobutyric acid have been prepared in the solid state. 

2. Two series of chelates were formed by a,y-diaminobutyric acid, one 
representing the monopyridoxylidene and the other the bis(pyridoxylidene) 
derivative. 

3. The chelates of pyridoxylidene-glycine with divalent metals appeared 
to be neutral molecules. 

4. The chelates of monopyridoxylidene-diaminobutyric acid with nickel 
and manganese contained 1 metal atom for 2 Schiff base residues, whereas 
the corresponding glycine chelates contained a metal atom for each Schiff 
base residue. A special structure was inferred for the former with both 
amino groups chelated. 
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In the present communication the possibility is explored of using a- 
methyl-a-amino acids, which apparently are not degraded in the higher 
animal, to facilitate the study of amino acid concentration by tissues in the 
intact organism. The absence of the a-hydrogen prevents tautomeric 
changes of pyridoxylidene derivatives of the amino acids, which may 
be necessary to the degradation reactions (1). a-Aminoisobutyric acid 
(a-methylalanine) and a-methyl-a-amino-n-butyric acid are largely lost in 
the urine after their administration to dogs (2, 3). Rats receiving the 
former excreted increased quantities of normal amino acids (4), an effect 
which probably caz be explained on the basis of competition in the transfer 
process. No increased oxygen consumption, or ammonia or keto acid for- 
mation, was observed when a-aminoisobutyric acid was incubated with 
homogenates of various tissues (4). This acid was also inert to trans- 
amination (5). a-Methyl-pt-glutamic acid inhibited the utilization of glu- 
tamic acid by Lactobacillus arabinosus (6), and carbamyl-a-methyl-pL-glu- 
tamic acid did not share the catalytic action of carbamyl-p1-glutamic acid 
in the formation of citrulline from ornithine (7). a-Methyl-p.-serine did 
not undergo oxidative deamination in the presence of L- or D-amino oxidase 
(8). 

The absence of the a-hydrogen, however, does not diminish the transfer 
of neutral amino acids into cells; in fact, several a-methyl-a-amino acids 
are concentrated by the Ehrlich mouse ascites carcinoma cells even more 
strongly than their naturally occurring analogues (9). This finding is still 
compatible with the suggestion that pyridoxal may serve in amino acid 
concentration by cells (10, 11), since the release of a-hydrogen is not es- 
sential to combination between pyridoxal and amino acids. The distribu- 
tion of three a-amino acids lacking the a-hydrogen in the intact animal was 
investigated in the present study. 


* Supported in part by a grant (No. C-1268-C4) from the National Cancer Insti- 
tute, National Institutes of Health, United States Public Health Service, and by a 
grant from the Abbott Laboratories. 

{ Present address, Department of Biological Chemistry, University of Michigan 
Medical School, Ann Arbor, Michigan. 
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EXPERIMENTAL 


Synthesis of a-Methylolserine—Tris(hydroxymethyl)aminomethane, 16.3 
mmoles, was dissolved in 14 ml. of water containing 40 mmoles of sulfuric 
acid and treated at 0° with 7 ml. of Mm Ba(MnO,)s, added with efficient mix- 
ing, slowly enough so that the permanganate color remained faint. Stir- 
ring was continued for 15 minutes at 0° and for 1 hour at room temperature. 
Midway during the latter period three 5 ml. portions of water were added 
at 5 minute intervals. Filtration followed by washing of the precipitate 
yielded a colorless solution. 

The pH was brought above 9.5 by adding a warm 5 per cent solution of 
Ba(OH):2:8H2O in water. The brownish precipitate was removed and 
washed thoroughly with hot water. After adjusting to a pH of 5 to 6 
with dilute sulfuric acid, the solution was again filtered, and the filtrate was 
concentrated to 2 ml. in vacuo. A small precipitate was removed, and the 
amino acid was crystallized by gradually adding 2 volumes of absolute 
alcohol. The yields ranged from 40 to 45 per cent. The product was re- 
crystallized twice from water by alcohol addition. Calculated for 
C,H,O.N, C 35.53 per cent, H 6.72 per cent, N 10.36 per cent, CO: by 
ninhydrin 32.6 per cent; found, C 35.5 per cent, H 6.71 per cent, N 10.4 per 
cent, CO, by 10 per cent ninhydrin at pH 2.5 in 6 minutes 51.7 per cent of 
theoretical, in 60 minutes 136 per cent of theoretical. Apparently some ox- 
idation of an a-methylol group to CO, occurs. The latter proportions were 
very gradually modified by acid hydrolysis, with eventual deposition of a 
film of solid matter on the vessel walls. Titration by the glass electrode 
gave pK, values of 2.2 and 8.8 for the amino acid (24°, [/2 = 0.12). 

a-Methylolserine was found to be inert in a.serine bioassay with Lacto- 
bacillus casei in the laboratory of Dr. George Hitchings of the Wellcome 
Research Laboratories, Tuckahoe, New York, where the amino acid was 
also found by the filter paper disk-agar plate technique (0.02 mg. per disk) 
to be without effect on the growth of Bacillus subtilis, Escherichia coli, 
Salmonella typhosa, and Staphylococcus aureus. 

Synthesis of a-Methyl-pu-serine—a-Methyl-pi-serine has been prepared 
by Billman and Parker (12) from 2-methyl-2-aminopropanediol, by first 
converting it to an oxazoline derivative by heating with benzoic acid in 
xylene, then oxidizing with permanganate, and finally hydrolyzing the 
oxazolinecarboxylic acid with acid. We have found that masking of the 
amino group during oxidation is not strictly necessary: the amino group of 
2-methyl-2-aminopropanediol, like that of tris(methylol)aminomethane, re- 
sisted oxidation, presumably because of its linkage to a tertiary carbon. 
The amino acid was readily obtained, although in lower yield (40 versus 
64 per cent), by direct permanganate oxidation of the amine. Calculated 
for CsH,O;N, N 11.76 per cent; found, N 11.7 per cent. A gradual evolu- 
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tion of CO, was obtained with ninhydrin, a characteristic of a-methyl-a- 
amino acids. 

Animal Experiments—Male albino rats weighing 140 to 215 gm. were 
fasted for 24 hours. A volume of isotonic solution of the amino acid rep- 
resenting 20 mmoles per kilo of body weight was then administered by 
intraperitoneal injection under light ether anesthesia. The urine was then 
collected until the animal was sacrificed. The rat was anesthetized with 
ether, the chest cavity was opened, and blood was collected by cardiac 
puncture. The blood was centrifuged in a heparinized plastic tube, and 
the plasma was removed and weighed. The liver and skeletal muscle from 


a hind leg was removed. Peritoneal fluid, if present, was also removed for 
analysis. 


Analyses 


Tissues were extracted with 10 ml. of saturated aqueous picric acid for 
each gm. of tissue by homogenizing in a Waring blendor. Plasma was de- 
proteinized by adding 5 volumes of aqueous picric acid. 

An adaptation (13) of the Hamilton-Van Slyke manometric ninhydrin 
method (14) was used for the determination of the three amino acids. 5 
to 6 ml. portions in special Thunberg tubes (14) were hydrolyzed in either 
of two ways in order to split glutathione and other amino acid conjugates 
or other sources of carbon dioxide which might otherwise be hydrolyzed 
during the long heating with ninhydrin. Concentrated hydrochloric acid 
was added to make the samples either 1 or 2. N. In the first case (applied 
to a-aminoisobutyric acid) the sample was hydrolyzed by heating the 
closed tube for 20 hours on the steam bath. The tube was then opened 
and permitted to concentrate to 1 ml. In the second case the solution was 
evaporated on a steam bath to 1 ml.; the tube was stoppered and held for 
6 more hours at 100°. The contents of the tube were then dried in a vac- 
uum desiccator over KOH pellets. 

The dry contents of the tube were taken up in 2 ml. of water and the 
pH was adjusted to 3.5 to 4. Solid citrate buffer (100 mg.) and 240 mg. of 
ninhydrin were added and the unstoppered tube was heated in a boiling 
water bath for 6 minutes. The tube was then evacuated repeatedly to 
eliminate CO, which had been released during the 6 minute heating period. 
Finally the tube was evacuated, sealed as usual (14), and heated in a boil- 
ing water bath, 90 minutes for a-aminoisobutyric acid and 60 minutes for 
the other two amino acids. The quantity of CO, produced in this interval 
was multiplied by a factor obtained by control determinations, relating 
CO, evolution during the selected interval to the quantity of the amino 
acid present. The following factors were found: a-aminoisobutyric acid 
1.31, methylolserine 1.19, and methylserine 1.52. The amino acid levels 
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were referred either to the determined values (in the case of a-aminoiso- 
butyric acid) or to the assumed average values for the cellular and extra- 
cellular water, based upon tissue water and chloride analyses (15). 

Despite the preliminary hydrolysis the tissue extracts from control rats 
contained a substance yielding CO; slowly with ninhydrin, to give apparent 
a-methyl-a-amino acid contents of 3.6 and 12 mmoles per kilo (first hy- 
drolysis method) or 6 and 7 mmoles per kilo (second hydrolysis method) 
for plasma and for the other tissues, respectively. Variability in this 
quantity introduced uncertainties in the analytical results estimated at 2 
and 4 mmoles per kilo of water for the plasma and the other tissues, re- 
spectively. This error limited the study to high levels of the amino acids. 

Bound a-aminoisobutyric acid was estimated in urine by the increase 
produced by hydrolysis in the delayed color formation (optical density at 
60 minutes minus optical density at 10 minutes (9)) in the Moore and 
Stein colorimetric method (16). Concentrated urine samples were hy- 
drolyzed in 6 N HCl in sealed tubes at 105° for 18 hours. 

Chromatography on Whatman No. 1 paper was performed with lutidine, 
collidine, water, and diethylamine in the proportions 100:100:100:3. The 
spots were located with ninhydrin. Urine samples were concentrated to 
small volumes in vacuo before chromatographing. In some cases, the con- 
centrated urine was extracted with ethyl acetate, and the extract was con- 
centrated and.chromatographed. The following retardation factors were 
observed: a-aminoisobutyric acid 0.32, a-acetamidoisobutyric acid 0.45, 
a-benzamidoisobutyric acid 0.75, a-methylolserine 0.37, and a-methyl- 
serine 0.20. 

a-Acetamidoisobutyric acid (17) was prepared by acetylation of a-amino- 
isobutyric acid with acetic anhydride in a pyridine solution. 

a-Benzamidoisobutyric acid (18), after recrystallization from acetone, 
melted at 203-205° (corrected). It was applied to the chromatograph in 
acetone solution. 

The reactivity of a-methylserine to pyridoxal was tested according to Metz- 
ler et al. (19). Into two test-tubes were measured 2 ml. portions of a solu- 
tion 0.02 m in a-methylserine and 0.05 m in KAI(SQx,)2 in 0.1 M acetate 
buffer, pH 5. To one were added 20 umoles of solid pyridoxal. After 
heating the tubes in boiling water for 30 minutes, both solutions were 
chromatographed as usual and compared with methylserine and glycine 
standards. 


Results 


The plasma levels of a-aminoisobutyric acid and methylolserine at vari- 
ous intervals after injection are shown in Fig. 1, together with two observa- 
tions on the level of methylserine 8 hours after its administration. The 
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level for a-aminoisobutyric acid fell more slowly than for the other two; 
one atypical rat still showed a plasma concentration of 28 mmoles per 
liter at 30 hours. The levels of methylolserine were too low at 15 hours 
to be observed by the method used. The. principal factor in the rapid fall 
of the plasma levels was the urinary excretion, which reached 80 per cent 
in 15 to 30 hours (Fig. 2). 
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Fic. 1. Plasma levels of a-aminoisobutyric acid, a-methylolserine, and a-methyl- 
DL-serine at intervals after administration. The control values were taken as zero. 
X, a-aminoisobutyric acid (a-AIB); O, a-methylolserine (a-MS); A,a-methyl-pt- 
serine. 

Fig. 2. Cumulative urinary excretion of a-aminoisobutyric acid, a-methylolserine, 
and a-methyl-pu-serine at intervals after administration. The control values were 
taken as zero. XX, a-aminoisobutyric acid; O, a-methylolserine; @, a-methyl-pL- 
serine. 


Peritoneal fluid, which was usually collectable at 3 and 8 hours and in 
one case at 15 hours, contained a-aminoisobutyric acid at levels about 40 
per cent higher than the plasma, whereas after methylolserine injection 
this amino acid was at a much higher level in the peritoneal fluid than in 
the plasma. The levels and the gradients for liver (Figs. 3 and 4) were 
already maximal at the earliest observations at 3 hours. Liver levels of 
these amino acids 8 to 15 hours after the injection were as much as 4 to 16 
times as high as the plasma levels. Of the three amino acids, methyl- 
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serine appeared to be concentrated most strongly by the liver. The same 
has been observed for the Ehrlich ascites carcinoma cell (9). Much lower 
plasma levels were found with this amino acid than with aminoisobutyric 
acid (Fig. 1) despite their similar excretion rates; presumably the liver and 
other tissues had impoverished the plasma. 

The three amino acids clearly entered the muscle tissue, but distinct 
positive gradients were obtained only in the case of methylolserine (Fig. 4). 
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Fig. 3. Concentration gradients for liver and muscle at intervals after the ad- 
ministration of a-aminoisobutyric acid. The concentration gradient is the differ- 
ence between cellular and extracellular values. The control values were taken as 
zero. The concentrations calculated for the cell water can be obtained by adding 
to the values shown in this figure the plasma concentrations shown in Fig. 1. 

Fig. 4. Concentration gradients for liver and muscle at intervals after the ad- 
ministration of a-methylolserine and a-methyl-pL-serine. The control values were 
taken as zero. X and O, a-methylolserine; M, a-methyl-pi-serine in liver; 0, 
a-methyl-pL-serine in muscle. The concentrations calculated for the cell water can 
be obtained by adding to the values shown in this figure the plasma concentrations 
shown in Fig. 1. 


Muscle is recognized as one of the weaker concentrators of amino acids. 
Positive gradients of methylolserine were also noted for the kidney. 

Indications were obtained by acid hydrolysis that a-aminoisobutyric 
acid was excreted to a minor extent (2 to 15 per cent) in conjugated form. 
Paper chromatography of ethyl acetate extracts of acidified urine showed 
a spot which was identified by comparison as the N-acetyl derivative 
(Rr = 0.45) of this amino acid. Another spot not present in normal 
urine (Rr = 0.10) was not the N-benzoyl derivative. After methylserine 
administration, a new spot (Rr = 0.28), extractable from acidified urine 
with ethyl acetate, was noted on chromatograms. No metabolite of meth- 
ylolserine was observed. 

Stability of a-Methylserine to Pyridoxal and Alum—The formulation of 
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Metzler, Ikawa, and Snell (1) for the degradation of serine to glycine left 
open the question as to whether the a-hydrogen of serine must be displaced 
before the carbon-carbon bond can be broken. Chromatography on paper 
showed no glycine formation, only a spot for a-methylserine, after heating 
this amino acid with pyridoxal and KAl(SO,)2. under conditions leading to 
extensive cleavage of serine (19). This result suggests that in its degrada- 
tion serine is converted to an imino acid derivative. 


DISCUSSION 


a-Methylolserine was prepared with the intent of obtaining a stable 
amino acid having a low pK, for the amino group. One of the possible 
explanations of the intense concentration of a,y-diaminobutyric acid by 
cells is the low pK, of one of its amino groups (8.4). This is probably not 
the correct explanation; however, despite a pK, of 8.8, methylolserine is 
not concentrated more strongly by the Ehrlich ascites tumor cells than 
a-aminoisobutyric acid (9). The somewhat higher distribution ratios for 
methylolserine in the present experiments are not regarded as convincing 
because they were observed at substantially lower plasma levels than for 
a-aminoisobutyric acid (20). 

The present experiments show that high tissue concentrations of foreign 
substances can be obtained through the presence in their molecules of 
structures which cause cells to concentrate them. The factor which limited 
the retention of these three amino acids was the rapid urinary excretion. 
The urine levels clearly were higher than the plasma levels during most of 
the experimental period. For technical reasons these studies were made 
at high dosages; the high plasma levels undoubtedly caused tubular trans- 
fer maxima to be exceeded. Presumably the elimination of the last traces 
of these amino acids would be quite prolonged, because tubular reabsorp- 
tion was probably more effective at lower levels. 

It is proposed that longer retention of a pharmacological agent may in 
some instances be obtained by modifying the structure so that the cells 
can concentrate it. Obviously the success of this method will depend 
upon relationships between the effective therapeutic level and the renal 
transfer capacity for the agent under consideration. 


We are indebted to Dr. George Hitchings and the Wellcome Research 
Laboratories for the C, H, and N analyses and the bacteriological observa- 
tions on methylolserine. 


SUMMARY 


1. Three amino acids which have been blocked to degradation, a-amino- 
isobutyric acid, a-methylolserine, and a-methyl]-p.-serine, have been shown 
to be accumulated by the liver of the rat after intraperitoneal adminis- 
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tration. The amino acids also entered skeletal muscle, but were concen- 
trated to only a minor extent by this tissue. 

2. Their urinary excretion was about 80 per cent in 15 to 30 hours, 
a-Aminoisobutyric acid was excreted to a minor extent in conjugated form, 
in part as the acetyl derivative. 

3. The synthesis of a-methylolserine and a-methyl-pL-serine is described. 

4, The stability of a-methyl-pi-serine to heating with pyridoxal and 
alum may indicate the necessity of an a-hydrogen for the degradation of 
serine to glycine. 

Addendum—Subsequent experiments by Matthew W. Noall in the Department of 
Biological Chemistry, University of Michigan, with carboxyl-labeled a-aminoiso- to 
butyric acid at low dosages confirm the predicted long persistence in the rat. pre 
After 72 hours the liver concentration of the free amino acid was 13 times the 5 
plasma level. Such animals should be useful for observing endocrine effects on ™ 
amino acid distribution. the 

pa 
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ELECTROPHORESIS OF CATIONIC PROTEINS ON 
FILTER PAPER* 
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(From the Departments of Biochemistry and Radiation Biology, The University 
of Rochester School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, August 10, 1955) 


The adsorption of cationic proteins to paper creates a serious limitation 
to the use of paper electrophoresis, particularly in its application to basic 
proteins. The paper acquires a distinct negative charge when in contact 
with buffer solutions (1), resulting in an electroosmotic effect as well as 
the complication of adsorption of the positively charged proteins to the 
paper. This adsorption may lead to false impressions of the electrophor- 
etic behavior of certain proteins below their isoelectric points. Further- 
more, the severe characteristic streaking would tend to obscure the pres- 
ence of minor components in a mixture of proteins. 

Many attempts have been made to minimize the electrostatic adsorption of 
protein to paper (1-3) and these have met with varying degrees of success. 
Examples of these have been esterification of the paper carboxyl groups 
with diazomethane (1), blocking of the active centers of the paper by 
means of inorganic ions (4), adsorption of superfluous protein added to the 
buffer (4), and the use of detergents such as sodium cetylsulfonate and 
Tween 20 (non-ionic) (5). Perhaps more fruitful have been the attempts 
to reverse the charge of the paper, and this has been done by esterification 
with 2-aminosulfuric acid (6), by oxidation of the paper with HIQ,, and 
by subsequent coupling of the resulting carbonyl groups with hydrazine 
derivatives and other carbonyl reagents (7,8). By the latter two methods 
a positively charged paper is produced on which many proteins can migrate 
below their isoelectric points with little or no adsorption. Proteins bearing 
a net negative charge are strongly adsorbed on these modified papers. 

This report describes a simple method of overcoming the adsorption of 
cationic proteins by impregnating the paper with a cationic detergent. 
Since this method permits the use of the well studied sulfonic acid dye 
staining of protein zones, it offers a distinct advantage over previously re- 
ported techniques. 

A chromatographic procedure for evaluating the extent of adsorption 
under any desired set of conditions will also be described, offering advan- 


* This investigation was supported in part by a research grant, No. H1322, from 
the National Heart Institute of the National Institutes of Health, Public Health 
Service. 
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tages of simplicity and speed over earlier techniques such as that described 
by Kunkel (2). 


Methods 
Preparation of Paper 


A roll of Whatman 3MM paper 5 inches in width was cut into lengths 
of about 80 inches and placed in a 1 liter beaker. A solution containing 
1 gm. of Octab (octadecyl dimethylbenzyl ammonium chloride)! per 100 
ml. was warmed to 40-50° to dissolve the detergent fully and poured into 
the beaker containing the roll of paper. 

After soaking in this solution for 5 to 10 minutes, the paper was removed, 
and the detergent not bound by the negative groups of the paper was 
eluted by washing the paper extensively with tap water. A self-siphoning 
pipette washer was found useful for this washing operation. The washing 
of the paper was continued until the wash water ceased to show any tend- 
ency tofoam. This required about 3 hours with a washing system in which 
the water was flushed about three times a minute. When the washing was 
complete, the paper was hung to be air-dried. 

Considerable care must be exercised in handling the paper while it is 
wet. In the wet state the paper is very susceptible to tearing or chafing, 
rendering the damaged section useless for electrophoretic work. 


Conditions for Electrophoresis on Paper 


The apparatus used for paper electrophoresis was essentially that de- 
scribed by Kunkel and Tiselius (9), in which the paper is held under pres- 
sure between two glass plates, the surfaces of which are rendered water- 
repellent by a thin coating of silicone grease. Evaporation of water from 
the paper is further prevented by squeezing silicone grease between the 
edges of the plates with the paper in place. A field strength of approxi- 
mately 10 volts per cm. was imposed in all experiments cited. The elec- 
trophoretic runs were carried out at a room temperature of 22-23°, but 
because of the heat generated by the passage of current through the paper 
the temperature of the buffer in the paper was estimated to be about 5° 
above room temperature. A phosphate buffer of pH 6.8 and ionic strength 
of 0.05 was used for the electrophoretic experiments cited. 


Staining Procedures 


All staining was done with a 0.1 per cent solution of bromophenol blue 
in 95 per cent ethanol which had been saturated with mercuric chloride. 


1 Octab was obtained as an oily paste from Fairfield Laboratories, Inc., 417 Cleve- 
land Avenue, Plainfield, New Jersey. It was necessary to purify this product by 
crystallization from ether before use. 
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The paper to be stained was passed through the dye solution, and the 
ethanol was removed by air-drying. The excess dye was then removed 
by extensive washing in 0.5 per cent acetic acid. 

Before staining the detergent-impregnated paper, the detergent must be 
removed or the whole paper will bind the sulfonic acid dye. The detergent 
was removed by washing the paper for about 90 minutes in 95 per cent 
ethanol. After removing the ethanol by air-drying, the paper was sub- 
jected to the normal staining procedure. If a paper thus treated proves 
to hold a significant background of dye, it may be rewashed with ethanol 
and restained, apparently without significant change of the dye-binding 
capacity of the proteins. 


Estimation of Adsorption by Chromatographic Procedure 


The paper to be studied was cut into strips about 2 inches wide and 5 
to 6 inches long. A 0.02 ml. sample of protein solution was applied to the 
paper as a spot about | inch from one end of the paper strip. The paper 
was immediately hung in a 600 ml. beaker with the end nearest the protein 
spot immersed about } inch into a buffer solution in the bottom of the 
beaker. This must be done quickly to minimize evaporation of water from 
the’protein spot. The buffer was permitted to rise up the paper a distance 
of 33 to 4 inches. For Whatman 3MM paper this requires 15 to 20 min- 
utes at 25°. The paper was then air-dried and stained by the usual pro- 
cedures. 


Results 


Figs. 1 and 2 emphasize the effect of adsorption on the electrophoretic 
behavior of a positively charged protein, namely cytochrome c. 

Fig. 1, A is an electrophoretic pattern obtained with untreated paper. 
It demonstrates that the distance traveled on the paper varies directly 
with the concentration of the sample. It also shows the high degree of 
trailing due to adsorption of the protein to the paper. 

Fig. 1, B is an electrophoretic pattern obtained under identical condi- 
tions but with treated paper. As shown by the parallel positions of the 
samples, this modification permits the migration of the protein to become 
independent of concentration. The corresponding elimination of trailing 
is also apparent in this photograph. 

The cytochrome c was prepared by the method of Keilin and Hartree 
(10) and further purified by the method of Margoliash (11). A stock solu- 
tion of 2 X 10-* m cytochrome c was diluted serially to provide 1.0, 0.5, 
and 0.25 X 10-‘ m solutions. Equal volumes (0.02 ml.) of each sample 
were applied to the paper after it had been equilibrated with the buffer. 
The two patterns illustrated were obtained after 43 hours with a field 
strength of approximately 10 volts per em. 
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A quantitative illustration of the dependence of electrophoretic mobility 
on concentration of a cationic protein on untreated paper is given in Fig. 
2, A. The apparent mobility, as indicated by the slope of the curve, is 
dependent upon the initial concentration of the sample. The non-linearity 
of the curves indicates a change in the apparent mobility of each sample as 
its effective concentration is depleted by adsorption. 

The curves in Fig. 2, B were obtained under conditions identical with 
those in Fig. 2, A except for pretreatment of the paper with detergent. 











Fig. 1. Effect of adsorption on the electrophoretic behavior of cytochrome c. 
Samples from left to right are 0.02 ml. of 0.25, 0.5, 1.0, and 2.0 x 10-4 m cytochrome 
c; phosphate buffer, pH 6.8; ionic strength, 0.05; field strength, approximately 10 
volts per cm.; duration, 44 hours. A, untreated paper; B, treated paper. 


The curves are all parallel and linear, indicating that the apparent mobil- 
ity of the protein is independent of sample concentration. 

The curves in Fig. 2 were obtained by measuring at intervals the dis- 
tance in cm. of the front of the sample from a reference line drawn on the 
paper. Because of the intense color of the protein used, it was possible 
to obtain a complete curve from a single electrophoretic experiment. 

The evaluation of the extent of adsorption of proteins to filter paper, 
under any desired experimental conditions by use of the simple chromato- 
graphic procedure described earlier, is illustrated in Fig. 3. In the absence 
of adsorption, all proteins investigated travel with the ascending buffer 
front. When adsorption to the paper occurs, a trail of protein is deposited 
on the paper, and the forward moving protein may lag behind the buffer 
front. 

Fig. 3 illustrates the results obtained with crystalline deoxyribonuclease 
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(DNase), oxyhemoglobin, cytochrome c¢, and crystalline trypsin. In each 
case, Patterns 1A to 4A were obtained on Whatman 3MM paper, and Pat- 
terns 1B to 4B on this same paper after treatment with detergent. 
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Fig. 2. Effect of adsorption on the electrophoretic mobility of cytochrome c. 
The graphs show the position of the protein as a function of time. The figure on 
each curve is the concentration of cytochrome c in moles per liter X 104. The con- 
ditions are the same as those in Fig. 1. A, untreated paper; B, treated paper. 
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The results obtained with cytochrome c (Patterns 3A and 3B) and with 
trypsin (Patterns 4A and 4B) illustrate the effective counteraction of ad- 
sorption by use of the detergent-treated paper. 

Below pH 5, the binding of the detergent by the paper becomes less ef- 
fective as the pH is lowered. Under these conditions, the detergent can 
be found concentrated in the region of the buffer front. Consequently, 





Fig. 3. Paper chromatographic evaluation of adsorption. Pattern 1, crystalline 
DNase, acetate buffer, pH 4.0; Pattern 2, human oxyhemoglobin, phosphate buffer, 
pH 6.0; Pattern 3, cytochrome c, phosphate buffer, pH 6.8; Pattern 4, crystalline 
trypsin, phosphate buffer, pH 7.4. All buffers were of ionic strength 0.05. Patterns 
1A to 4A, untreated paper; Patterns 1B to 4B, treated paper. 


the effectiveness of the detergent-treated paper is diminished in these low 
pH ranges. The chromatograms of DNase (Patterns 1A and 1B) illustrate 
this point. Efforts to demonstrate the electrophoretic heterogeneity of 
human serum albumin at pH 4 failed because of this limitation. 

The detergent-treated paper may exert a detrimental effect on certain 
proteins. Thus far, only one example of such an effect has been encoun- 
tered, namely, an increase in the formation of methemoglobin with an 
apparent increase in trailing (Patterns 2A and 2B). 

The chromatographic technique has been applied to twelve different 
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protein systems under various experimental conditions. In every case the 
technique has proved to be a reliable index to the extent of adsorption 
under an imposed electric field. 


DISCUSSION 


In general, earlier procedures for modifying the paper to minimize the 
adsorption of cationic protein do not permit the satisfactory subsequent 
use of sulfonic acid dyes commonly employed for the location and quantita- 
tive estimation of the protein zones.2_ This is a severe limitation, since it 
is necessary either to develop a new general method for protein staining or 
to apply these modified papers solely to electrophoretic studies of proteins 
which can be located by virtue of their special physical or catalytic prop- 
erties. The technique described in this paper provides for the removal of 
the cationic detergent prior to staining, thus obviating the necessity for 
special staining procedures. 

The effects of adsorption on the electrophoretic behavior of proteins 
on filter paper have been recognized (2, 3). Figs. 1 and 2 demonstrate 
that adsorption leads to an apparent dependence of electrophoretic mo- 
bility on the protein concentration. Erroneous interpretation of paper 
electrophoretic data can result from a failure to recognize this phenomenon. 
Pretreatment of the paper with the cationic detergent Octab makes more 
feasible the determination of mobilities of cationic proteins and the use of 
these mobilities as an analytical tool. It further minimizes the obscuring 
of minor protein components. It has been possible to demonstrate small 
mobility differences between preparations of cytochrome c that were not 
obvious when untreated Whatman 3MM paper was employed in similar 
experiments (to be published). 
| The apparent mobility of cytochrome c is somewhat lower on the deter- 
— gent-treated than on stock Whatman 3MM paper. Measurements made 
er ° ° ° . : 

‘Se during these runs indicate that the electrical resistance through the buffer 
ms was approximately 15 per cent higher in the detergent-treated paper than 
in the untreated paper. These observations suggest that the path through 
the paper was lengthened by the detergent treatment. 

ow The detergent Octab has been used as a protein complex-forming agent 
ate by many investigators (12, 13). In general these complexes form pre- 








2 Papers bearing varying degrees of positive charge were prepared by a modifica- 
tion of the technique of Jermyn and Thomas (7), by employing the hydrazine deriva- 
tives of periodate-oxidized paper. These papers diminished very effectively the 
1n- adsorption of a number of radioiodine-labeled proteins, located by their radioac- 
an tivity, and of certain hemoproteins, located by means of the benzidine reagent. 
However, the paper proved to be a more efficient binder of bromophenol blue than 
was the protein, and thus bromophenol blue and other sulfonic acid dyes could not 
be used for the location of the protein zones, 
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cipitates only above the isoelectric point of a protein. In only a single 
instance has the detergent-treated paper been found to have a detrimental 
effect upon a cationic protein (hemoglobin). It is, however, important to 
recognize the possibility of protein-detergent interactions. 


SUMMARY 


The adsorption of cationic proteins to filter paper is shown to result in 
extensive “trailing” during electrophoresis. The extent of this adsorption 
can be predicted by use of a simple chromatographic technique. The 
protein-paper interaction is demonstrated to result in a dependence of 
electrophoretic mobility upon protein concentration. By impregnating the 
paper with a cationic detergent it becomes possible to obtain electrophore- 
sis of cationic proteins without the adverse effects of adsorption. The 
method presented provides for the use of common staining procedures for 
location of the protein zones. 
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TURBIDIMETRIC MEASUREMENT OF ACID MUCOPOLY- 
SACCHARIDES AND HYALURONIDASE 
ACTIVITY 


By NICOLA D1 FERRANTE 
(From The Rockefeller Institute for Medical Research, New York, New York) 


(Received for publication, October 3, 1955) 


The turbidimetric methods here described are based on the formation of 
relatively insoluble complexes between isolated acid mucopolysaccharides 
and cetyltrimethylammonium bromide.! Some of the properties of these 
complexes have recently been described by Scott (1). We found that the 
amount of turbidity developed when the cetyltrimethylammonium bro- 
mide is added to a solution of acid mucopolysaccharide is proportional to 
the amount of acid mucopolysaccharide in the system, and that no tur- 
bidity develops when cetyltrimethylammonium bromide is added to chon- 
droitinsulfate or hyaluronate which has been depolymerized by incubation 
with testicular hyaluronidase. 

Reagents— 

Acetate buffer. 0.2 m sodium acetate-acetic acid, pH 6, to which NaCl 
is added to give a concentration of 0.15 M. 

Acid mucopolysaccharide solution. 50 mg. of sodium chondroitinsul- 
fate? or sodium hyaluronate?’ are dissolved in 100 ml. of the acetate buffer. 

Cetyltrimethylammonium bromide reagent. 2.5 gm. are dissolved in 
100 ml. of 2 per cent NaOH. 


Measurement of Acid Mucopolysaccharide 


1 ml. of acetate buffer containing from 10 to 200 y of acid mucopoly- 
saccharide is delivered into each experiment test-tube. 1 ml. of acetate 
buffer is used as a blank in another tube. The tubes are immersed in a 
water bath maintained at 37.5°. After 10 to 15 minutes, 2 ml. of the 
cetyltrimethylammonium bromide reagent are added to each test-tube. 
After mixing has been insured by inversion, the content of each tube is 
transferred to a cuvette, and the optical density of each sample is read 
within 10 minutes against the blank. A Beckman DU spectrophotometer, 


1 Obtained from the Amend Drug and Chemical Company, Inc., New York. 

* Sodium chondroitinsulfate was obtained through the courtesy of Dr. D. Dzie- 
wiatkowski. On analysis, it was found to have nitrogen 2.7, sulfate sulfur 5.3, glu- 
curonic acid 32.4, and hexosamine 22 per cent. 

3 Sodium hyaluronate was obtained through the courtesy of Dr. R. Greif. On 
analysis, it was found to have nitrogen 4.43, sulfate sulfur 0.4, glucuronic acid 
24.8, and hexosamine 22.7 per cent. 
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with photomultiplier attachment, has been employed in this work, and 
readings were taken at \ = 400 my, with a slit width of 0.15 mm. 

Specificity—Different compounds have been tested under the conditions 
described for their capacity to produce turbidity with the cetyltrimethy]- 
ammonium bromide reagent. In Table I the amount of turbidity given 
by 100 7 of each compound is expressed as per cent of the turbidity pro- 
duced by 100 y of sodium hyaluronate. It is noteworthy that the pH 
during the development and reading of turbidity is 12.5. 
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Fic. 1. The relation between the turbidity as measured at \ = 400 my and the 
amount of sodium chondroitinsulfate or sodium hyaluronate. 


Measurement of Hyaluronidase Activity 


The above method has been used for the determination of the activity 
of different preparations of hyaluronidase. The activity of even partially 
purified preparations of this enzyme, prepared according to Tint and Bo- 
gash (2) with an activity of 2174 turbidity reducing units per mg. of nitro- 
gen, or rather crude ones prepared according to Hahn (3) with an activity 
of 76 turbidity reducing units per mg. of nitrogen, can be determined. 
Different quantities of such enzyme preparations, dissolved in 0.6 ml. of 
acetate buffer, are incubated at 37.5° with 200 y of either chondroitin- 
sulfate or hyaluronate, dissolved in 0.4 ml. of acetate buffer. By carrying 
out the recommendations of Meyer and Rapport (4), the incubation time 
has been limited to 15 minutes. At the same time, standards containing 
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ind 200, 100, 50, and 25 y of substrate and one blank containing buffer alone 
and another with enzyme alone are prepared. In our experience, the op- 


ons | tical densities given by the enzyme preparations after addition of the cetyl- 
iy1- 
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trimethylammonium bromide reagent have always equaled those given by 
the acetate buffer. At the end of the incubation period, addition of 2 ml, 
of cetyltrimethylammonium bromide reagent stops the enzymatic reaction 
(bringing the pH to 12.5) and produces the turbidity. After mixing by 
inversion, the optical densities are determined as previously described. 

The optical densities given by the standards, plotted against the amount 
of acid mucopolysaccharide present in each of them, constitute the cali- 
bration line to which are referred the optical densities of the tubes contain- 
ing the enzyme. It is, therefore, possible to ascertain the amount of acid 
mucopolysaccharide depolymerized by each quantity of enzyme by sub- 
tracting the residual amount of substrate from that originally present in 
each tube (Fig. 2). 

The unit of enzymatic activity is expressed as the quantity of enzyme 
which produces a 50 per cent reduction of the turbidity given by the initial 
quantity (200 y) of substrate. 


DISCUSSION 


The method here described recommends itself for its simplicity. Each 
of the several protein-containing reagents proposed for the classical tur- 
bidimetric method, derived from the original one of Kass and Seastone (5), 
is unstable, and it is difficult to reproduce batches with identical properties. 
On the other hand, the cetyltrimethylammonium bromide reagent used in 
the method here proposed is rapidly prepared and is stable indefinitely. 
Furthermore, the cetyltrimethylammonium bromide reagent stops the en- 
zymatic reaction and produces the turbidity at the same time. Variations 
in the molarity of the acetate buffer at pH 6 (from 0.1 m to 0.3 M), or 
variations in the pH of a 0.2 m acetate buffer (from pH 5 to pH 6), do not 
affect appreciably the degree of turbidity produced with any given amount 
of acid mucopolysaccharides. If, however, the acid mucopolysaccharide is 
dissolved in distilled water instead of in salt solution, much less turbidity 
develops on addition of the cetyltrimethylammonium bromide. 


SUMMARY 


Simple, rapid, and reproducible methods for the determination of (a) 10 
to 200 y of isolated acid mucopolysaccharides and of (b) hyaluronidase 
activity have been described. 
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PHOSPHORYLATION BY PARTICULATE PREPARATIONS OF 
AZOTOBACTER VINELANDII* 


By IRWIN A. ROSE anp SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of 
Medicine, New York, New York, and the Department of Biochemistry, 
Yale University School of Medicine, New Haven, Connecticut) 


(Received for publication, October 11, 1955) 


Numerous studies of oxidative phosphorylation by liver mitochondria or 
heart sarcosomes have indicated that phosphorylation is dependent on the 
integrity of these cytoplasmic particles. This places limitations upon the 
study of the mechanisms involved. In the search for simpler, less sensi- 
tive systems, several investigators have turned their attention to bacterial 
preparations. Phosphorylation coupled to the oxidation of substrates by 
crude extracts, actually suspensions of cell particles, from a few bacterial 
species has been reported (1, 2). Pinchot (3) has succeeded in obtaining 
soluble preparations from the microorganism Alcaligenes faecalis capable 
of coupling the oxidation of DPNH by molecular oxygen to the phosphoryl- 
ation of ADP. 

We have obtained particulate preparations from Azotobacter vinelandii 
capable of catalyzing the oxidation of various substrates by molecular 
oxygen, an oxidation which can be coupled with the phosphorylation of 
ADP. Azotobacter was chosen for this work because it is a strictly aerobic 
organism and has high respiratory activity. However, contrary to freshly 
prepared “tightly coupled” mitochondria (4), the rate of oxygen uptake 
by Azotobacter particles is not dependent upon the presence of phosphate 
acceptors. This may indicate that these particle preparations are par- 
tially “uncoupled” and may be the reason for the low P:0O ratios obtained, 
rarely exceeding 0.5. It may also be the reason for the fact that phospho- 
rylation by these preparations is only moderately sensitive to DNP. 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), and by a contract (N6onr279, T. O. 6) between the Office of Naval 
Research and New York University College of Medicine. 

t Part of this work was carried out at New York University College of Medicine on 
a Postdoctoral Fellowship of the United States Public Health Service and part at 
Yale University School of Medicine aided by a grant from the James Hudson Brown 
Memorial Fund. 

1 The following abbreviations are used: ATP and ADP, adenosine tri- and diphos- 
phate; AMP, adenosine-5’-monophosphate; DPN*+ and DPNH, oxidized and reduced 
diphosphopyridine nucleotide; TPN*+ and TPNH, oxidized and reduced triphospho- 
pyridine nucleotide; DNP, 2, 4-dinitrophenol. 
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Myokinase appears to be a rather soluble enzyme in Azotobacter and is 
mainly present in the supernatant fluid from the particles, which are 
largely free of this enzyme. This permits a direct demonstration of the 
fact that ADP rather than AMP is the immediate phosphate acceptor. In 
experiments with radioactive phosphate, P® is incorporated almost ex- 
clusively in the terminal phosphate group of ATP. That ADP rather than 
AMP is the immediate acceptor of phosphate during oxidative phosphory]- 
ation by mitochondria had already been reported in experiments in which 
ADP proved to be more effective than AMP (5, 6), or in experiments of 
short duration with P*-orthophosphate which showed that the third phos- 
phate group of ATP becomes labeled more rapidly than the second (7). 
The phosphorylation coupled with the oxidation of molecular hydrogen, 


succinate, DPNH, and TPNH by Azotobacter particles is described in this | 


paper. The coupling of phosphorylation with the oxidation of molecular 
hydrogen by crude Azotobacter extracts was first described by Hyndman 
etal. (1). The coupling of phosphorylation with the oxidation of succinate 
by particulate preparations of A. vinelandii similar to those described in 
this paper has recently been reported independently by Tissiéres and 
Slater (8). The Azotobacter preparations might be useful for the study 
of phosphorylation mechanisms. 


EXPERIMENTAL 


A. vinelandii (original strain)? was grown as described by Hyndman et al. 
(1). Cell-free extracts (1) were prepared by grinding in a mortar with an 
equal weight of Alumina A-301 (325 mesh, Aluminum Company of Amer- 
ica) and 5 to 7 volumes of 0.2 per cent potassium chloride. The extract 
was centrifuged first at 0° and 2000 X g to remove the Alumina and cell 
débris, and then in the high speed head of the International centrifuge at 
0° and 14,000 X g. The sediment (particles) was washed once with ice- 
cold 0.2 per cent potassium chloride, the suspension centrifuged as above, 
and the particles suspended in 0.005 m potassium phosphate buffer, pH 
6.0, and stored at 0°. The succinoxidase and phosphorylation activities 
of these preparations remained almost unchanged for about 2 weeks. 
However, while the cells could be frozen and kept for 1 month at —18° 
without much loss of phosphorylation activity, freezing of the cell-free 
extract or of the particle suspension resulted in extensive loss of phos- 
phorylation activity. Freshly grown cells were used throughout. 1.5 
liters of medium yielded about 10 gm. of wet cell paste. The particles 
prepared from 10 gm. of cells were suspended in 5.0 ml. of buffer, giving a 
concentration of total nitrogen of 0.5 to 1.0 mg. per ml. Thus the average 
protein concentration was about 5 mg. per ml. 


2 We are indebted to Dr. P. W. Wilson for a culture of this organism. 
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Measurement of Phosphorylation—Reaction mixtures were prepared and 
incubated as described in Table I. The reaction was stopped by the addi- 
tion of 0.1 ml. of 40 per cent trichloroacetic acid, or 1.0 ml. of 5 per cent 
trichloroacetic acid, to 1.0 ml. of reaction mixture. After centrifugation, 
aliquots were taken for the determination of radioactivity. A control 
experiment, in which the trichloroacetic acid was added before the particle 


TABLE I 
Phosphorylation by Azotobacter Particles 


The reaction mixtures contained the following components, in micromoles: gly- 
cylglycine buffer, pH 7.3, 50; potassium phosphate buffer, pH 7.3, 3 to 6; P**-ortho- 
phosphate with 5 X 10‘ tol X 10° e.p.m.; MgCle, 5; ADP, 5; Azotobacter particle 
suspension, 0.05 ml. (about 0.25 mg. of protein); substrates and other additions as 
indicated. Supplementary enzymes were added in large excess. The final volume 
was madeup with water to1.0 ml. When hydrogen was used as oxidation substrate, 
the gas phase contained 80 per cent hydrogen and 20 per cent air; otherwise it con- 
tained air. Incubation with shaking, 25 to 30 minutes at 30°. The particle sus- 
pension was tipped from the side arm of the Warburg vessels after temperature 
equilibration. 























Rapeinent Additions* oe is | ro 
microatoms | moles 

1 Hydrogen 3.64 1.34 0.37 
Succinate (36) 6.55 0.99 0.15 
pL-8-Hydroxybutyrate (100), 8-hydroxybu- 1.65 0.45 0.27 

tyrate dehydrogenase, DPN* (0.5) 

2 Hydrogen 5.80 3.00 0.52 
Succinate (36) 10.00 4.3 0.43 
Ethanol (200), aleohol dehydrogenase, DPN 7.3 3.34 0.47 

(0.5) 
Glucose-6-P (50), glucose-6-P dehydrogenase, 3.3 0.80 0.24 
TPN? (0.5) 
3 | DPNH 6) 5.3t | 0.44 | 0.08 








* The figures in parentheses are micromoles of compound added. 
+ Calculated from spectrophotometric measurement of DPNH oxidation. 


suspension, was used to determine the specific radioactivity of the ortho- 
phosphate. ‘The specific radioactivity is expressed as counts per minute 
per micromole of orthophosphate. Phosphorylation was measured as the 
radioactivity remaining in the deproteinized reaction mixture after re- 
moval of the orthophosphate. The orthophosphate was converted to am- 
monium phosphomolybdate, and this was removed by extraction with iso- 
butanol. The procedure followed that of Berenblum and Chain (9), 
with some modifications. To an aliquot of the protein-free filtrate (usu- 
ally 0.1 to 0.2 ml.) were added 0.5 ml. of 10.0 N sulfuric acid, 1.0 ml. of 5 
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per cent ammonium molybdate, and water to a volume of 5 ml. 5 ml. of 
isobutanol were added to the mixture and a slow stream of air bubbled 
through for 5 minutes to obtain good mixing. After allowing the liquid 
phases to separate by standing for at least 15 minutes, the upper isobutanol 
layer was removed by aspiration and discarded. The sides of the tube 
were washed with 2.0 ml. of isobutanol, and the isobutanol layer was re- 
moved as before. Finally, the aqueous phase was washed with 3.0 ml. of 
ether. The ether was removed and discarded. An aliquot (usually 1.0 
ml.) of the aqueous phase was taken for determination of the radioactivity 
of the organically bound phosphate. In this way it was possible to remove 
over 99 per cent of the radioactive orthophosphate contained in a sample 
of the reaction mixture before incubation. The radioactivity of the ex- 
perimental samples after removal of the orthophosphate was corrected for 
this blank. The amount of phosphate esterified (in micromoles) was calcu- 
lated as the quotient of the total radioactivity of the organically bound 
phosphate (counts per minute) over the initial specific radioactivity (in 
counts per minute per micromole) of the orthophosphate. Values ob- 
tained by this method usually agreed to within 15 per cent with those de- 
termined directly from the disappearance of orthophosphate or the in- 
crease in acid-labile phosphate (7 minutes hydrolysis in 1.0 n HCl at 100°). 
Phosphorylation was also occasionally measured by this method or by the 
esterification of orthophosphate, with catalytic amounts of ADP, in the 
presence of glucose and hexokinase. 

Phosphorylation by Azotobacter Particles—The oxygen uptake and phos- 
phorylation values obtained with several substrates such as hydrogen, 
succinate, and DPNH are presented in Table I. In some experiments, 
catalytic amounts of DPN+ or TPN* were used in the presence of either 
B-hydroxybutyrate, ethanol, or glucose-6-phosphate with the addition of 
the corresponding dehydrogenases. The 6-hydroxybutyric dehydrogenase 
was a purified preparation from A. vinelandii, made by an unpublished 
method of Dr. M. Grunberg-Manago, to whom we are indebted for the 
gift of this material. The glucose-6-phosphate dehydrogenase added to 
supplement the system in the experiments with glucose-6-phosphate was a 
gift of Dr. Sidney Rieder and was prepared according to the method of 
Kornberg (10). The alcohol dehydrogenase, prepared from yeast accord- 
ing to Racker (11), was a gift of Dr. E. S. Canellakis. It may be seen in 
Table I that the values of the P:O ratios were very low, rarely exceeding 
0.5. In general, essentially identical ratios were obtained for a given sub- 
strate in duplicate runs. However, there were wide variations in the 
values given by different particle preparations run simultaneously or by 
samples of the same preparation run at different times. For this reason, 
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all the results of a given experiment were obtained simultaneously with the 
same particle preparation. 

The phosphorylation, which required Mg**, exhibited but a limited sen- 
sitivity to DNP. Thus, at neutral pH, 1 X 10-* m DNP inhibited the 
phosphorylation coupled with the oxidation of succinate to the extent of 80 
per cent, and that coupled with the oxidation of 6-hydroxybutyrate, in the 
presence of catalytic amounts of DPN‘, to the extent of 74 per cent. The 
phosphorylation coupled with the oxidation of molecular hydrogen was 
inhibited to a lesser extent; about 30 per cent inhibition was obtained with 
the above concentration of DNP. It may be recalled that phosphorylation 
by mitochondria from animal tissue is completely uncoupled by concen- 
trations of DNP below 1 X 10-*m. The results with Azotobacter particles 
are in contrast to those obtained by Brodie and Gray (2) with extracts of 
Mycobacterium phlei. Not only were the P:O ratios higher in this case 
(up to 1.5), but extensive uncoupling of the phosphorylation, with suc- 
cinate or 6-hydroxybutyrate as substrates, occurred with 5 X 10-'m DNP. 
On the other hand, results similar to ours were obtained by Tissiéres and 
Slater (8) with particulate preparations of A. vinelandii. The concentra- 
tions of DNP used in our experiments were either without effect or pro- 
duced a slight stimulation of the oxygen uptake. It may be of interest to 
observe that inhibition of the phosphorylation by DNP was higher at pH 
values below neutrality. Thus, in an experiment with hydrogen as elec- 
tron donor, 48 per cent inhibition of phosphorylation was caused by 
1 X 10-* m DNP at pH 6.5, whereas, at pH 6.0, 98 per cent inhibition was 
observed. 

As previously mentioned, the low sensitivity to DNP may be related to 
the fact that the phosphorylation system of the Azotobacter particles is 
already largely “uncoupled.” Thus, both the low P:O ratios and the rela- 
tive insensitivity to DNP might be an expression of damage of the phos- 
phorylation system. 

Labeling of ATP—In Table II are presented experiments in which the 
ATP was isolated by ion exchange chromatography and degraded enzy- 
matically so as to determine separately the labeling of the second and third 
phosphate groups. In Experiment 1a, in the absence of an oxidizable sub- 
strate, there were no oxygen uptake and no phosphorylation. In Experi- 
ments 1b and Ic, hydrogen was the oxidizable substrate. It may be seen 
that, in Experiment 1c, with ADP as phosphate acceptor, 96 per cent of the 
radioactivity fixed was present in the terminal phosphate of ATP. Ex- 
periment lc indicates that AMP was much less effective than ADP as 
phosphate acceptor. The results of both Experiments 1b and 1c appear 
to be due to a low myokinase activity in the Azotobacter particles. Experi- 
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ment 2a is similar to 1b, except that succinate is used as substrate. In 
this experiment, too, the radioactivity taken up by the third phosphate 
group of ATP was 96 per cent of the total radioactivity incorporated. In 
the presence of an active myokinase, both the second and third phosphate 
groups of ATP would have become equally labeled. 

That the preparations are low in myokinase is shown in a different way 
by Experiment 2b of Table II. In this experiment, the Azotobacter par- 
ticles were incubated with non-labeled ATP and an equal amount of ADP 
labeled with P* in the second phosphate group, in the presence of Mg++ 


TaBLe II 
Labeling of ATP during Phosphorylation by Azotobacter Particles 
All reaction mixtures contained the following components, in micromoles: glycy]- 
glycine buffer, pH 7.0, 50; MgCl., 5; potassium phosphate buffer, pH 7.3, 3; ATP, 5; 
ADP, 5; Azotobacter particle suspension, 0.05 ml. (about 0.25 mg. of protein); 
other additions asindicated. The final volume was made up with water to 1.0 ml.; 
incubation at 30°. 

















2 . Additions Labeling of ATP, c.p.m. per umole 
ment. oo "ee Gas phase ‘ Oz uptake ; 
ea Smate | PAOs | PR-ADPS Whole | Bfroup | Prgvoup 
min. pmoles = - — microatoms | 
la 35 Air 234,000 0.0 79 
1b 35 H2-air 234, 000 5.7 | 92,800 | 5600 | 89,100 
Ict 35 - 234,000 5, 560 
2a 25 Air 50 63, 100 13.7 | 21,900 890 | 18,700 
2b 25 ” 17,000 0.0 2,750 | 2000 440 


























* ADP labeled with P*? in the terminal (second) phosphate group. 
t 5 umoles of AMP substituted for ADP. 


but in the absence of an oxidizable substrate. It may be seen that there 
was an ADP-ATP exchange, which led to preferential labeling of the 
middle (second) phosphate group of ATP. This result can again be due 
only to the fact that myokinase activity in the particles is low; otherwise 
the ATP would have been equally labeled in the two terminal phosphates. 

Whether or not the ADP-ATP exchange is related to the phosphoryla- 
tion observed during the oxidation of substrates cannot be decided at 
present. The enzyme or enzymes responsible for this exchange can be 
extracted in soluble form from acetone-dried particles. The activity of 
these preparations, assayed with crystalline ATP and P*-labeled ADP 
prepared from crystalline ATP, is not affected by extensive dialysis or 
treatment with charcoal. It should be recalled that an ADP-ATP ex- 
change is related to the activity of certain enzymes such as the enzyme 
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catalyzing the reversible conversion of succinyl coenzyme A, ADP, and 
orthophosphate to succinate, coenzyme A, and ATP (12), and to that of 
the enzyme catalyzing the synthesis of glutathione from y-glutamyl- 
cysteine, glycine, and ATP (13). Whether these enzymes are present in 
the Azotobacter particles has not been ascertained. 


Methods and Preparations 


ADP labeled with P*® in the terminal phosphate was prepared by incuba- 
tion of ADP and P*-labeled orthophosphate with the polynucleotide phos- 
phorylase of A. vinelandii (14), in the presence of magnesium. This 
enzyme brings about the incorporation of radioactive phosphate in the 
terminal phosphate of ADP through the synthesis of an AMP polynucleo- 
tide and subsequent phosphorolysis of this polymer. For the separate 
determination of the labeling of the second and third phosphate groups of 
ADP, the ATP isolated from the reaction mixture at the end of the incuba- 
tion was allowed to react with glucose in the presence of crystalline yeast 
hexokinase. The glucose-6-phosphate and the ADP thus formed were 
separated and their radioactivity determined. The phosphate in the 
glucose-6-phosphate is that originally present in the third phosphate group 
of ATP. The ATP and ADP were separated by ion exchange chromatog- 
raphy on a Dowex 1-Cl’ column by the method of Cohn and Carter (15). 
The glucose-6-phosphate was eluted from the column with 0.005 m HCl. 
Specific radioactivity determinations were based upon the ultraviolet ab- 
sorption at wave-length 260 y» in the case of the nucleotides and upon the 
organic phosphorus content in the case of glucose-6-phosphate. The crys- 
talline yeast hexokinase was a gift of Dr. M. Kunitz. Crystalline sodium 
ATP was obtained from the Sigma Chemical Company. For some experi- 
ments, ADP was prepared from crystalline ATP by reaction with glucose 
in the presence of hexokinase and isolation of the ADP by ion exchange 
chromatography (15). 


SUMMARY 


Suspensions of particles from Azotobacter vinelandii bring about an Mgt+- 
dependent phosphorylation of ADP to ATP coupled with the oxidation of 
several substrates by molecular oxygen. Among the substrates are mo- 
lecular hydrogen, succinate, DPNH, and TPNH. In contrast to freshly 
prepared animal mitochondria, the oxidation is independent of the presence 
or absence of phosphate acceptor, indicating that these preparations are 
largely “uncoupled” with regard to phosphorylation. This may be the 
reason why the phosphorylation is only moderately sensitive to dinitro- 
phenol. The Azotobacter particles are largely free of myokinase. Under 
these conditions, it is possible to demonstrate that ADP, rather than AMP, 
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is the immediate phosphate acceptor in the coupled phosphorylation. The 
phosphate taken up is mainly present in the terminal phosphate group of 
ATP. 
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TRACER STUDIES OF ACIDS OF THE TRICARBOXYLIC 
ACID CYCLE 


II. EFFECT OF FRUCTOSE AND BICARBONATE ON ACETATE 
METABOLISM IN LIVERS OF DIABETIC RATS* 


By CHARLES E. FROHMAN anp JAMES M. ORTEN 


(From the Department of Physiological Chemistry, Wayne University 
College of Medicine, Detroit, Michigan) 


(Received for publication, August 18, 1955) 


Recent work has shown that less acetate enters the tricarboxylic acid 
cycle in the livers of alloxan-diabetic rats than in those of the controls (1). 
While these results are in accord with those of some workers (2, 3), they 
are in apparent disagreement with those obtained from studies performed 
on tissue homogenates by others (4). These latter workers report that 
more CO, was formed from C-labeled acetate by livers of diabetic rats 
than by those of normal rats. Unless acetate is converted to CO, by some 
means other than the cycle, this would indicate that acetate enters the 
tricarboxylic acid cycle more rapidly in the alloxan-diabetic rat. It is, of 
course, possible in the above in vitro studies, in which the tissue was sus- 
pended in a buffer, that the pH of the milieu was quite different from that 
in the acidotic diabetic liver. A study of the effect of pH on the incorpora- 
tion of acetate by livers of diabetic rats might explain the apparent differ- 
ences between the results of the in vivo and the in vitro studies. It would 
appear well to attempt to change the pH of tissue from diabetics by cor- 
recting the acidosis accompanying this condition. In order to accomplish 
this, massive doses of sodium bicarbonate were given both orally and intra- 
peritoneally. In the present work, the effect of bicarbonate administered 
in this manner on blood sugar levels and on the entrance of labeled acetate 
into the cycle was studied. 

Other workers have postulated that fructose is more readily and com- 
pletely utilized than glucose by the diabetic animal (5, 6). Since it is 
hypothesized that fructose, glucose, and acetate must pass through acetyl 
coenzyme A in order to enter the cycle, it is difficult to understand why 
fructose should be more readily utilized than the other two substances, 
unless, of course, it is utilized by a means other than the tricarboxylic acid 
cycle. Obviously more data are necessary on the comparative utilization 
of glucose and fructose by the diabetic, and on the effect of these sugars, if 


* Supported by a research grant No. A-237(C), from the National Institutes of 
Health. A preliminary report was given before the 127th meeting of the American 
Chemical Society at Cincinnati, March, 1955. 
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any, on the utilization of acetate by the alloxanized animal. For these 
studies, the blood sugar concentrations and the rates of entrance of labeled 
acetate into the tricarboxylic acid cycle were investigated in the livers of 
normal and diabetic rats fed fructose or glucose as the sole source of carbo- 
hydrate. 


EXPERIMENTAL 
Male albino rats weighing 200 to 300 gm. were used throughout the 


investigation. The rats made diabetic were treated with alloxan as de- 
scribed previously (7); only those animals with blood sugar values greater 


TABLE I 
Composition of Diets 


The values are given in gm. 

















Groups* 
Substance 

F G DF DG DFB DGB 
OS ere eee 20 20 20 20 20 20 
sagt aes on care ce 55 55 55 
re eee enone ae 55 55 55 
Salt mixture.................. 4 4 4 4 4 4 
Cottonseed oil................ 9 9 9 9 9 9 
Cod liver oil.................. 2 2 2 2 2 2 
Sucrose + vitamins........... 10 10 10 
Fructose + vitamins.......... 10 10 10 
Sodium bicarbonate........... 10 10 

















* F, fructose-fed normal rats; G, glucose-fed normal rats; DF, fructose-fed dia- 
betic rats; DG, glucose-fed diabetic rats; DFB, fructose- and bicarbonate-fed dia- 
betic rats; DGB, glucose- and bicarbonate-fed diabetic rats. 


than 250 mg. per cent were used. For 2 weeks prior to the experiment and 
for the 2 week duration of the experiment, the animals were fed the diets 
in Table I. Each group in Table I consisted of ten animals. The blood 
sugar levels were measured at various time intervals. No significant dif- 
ference existed between the blood sugar levels of diabetic rats fed glucose 
and those fed fructose at any time during the experiment. The source of 
carbohydrate likewise did not affect the blood sugar levels of normal rats. 
Regardless of the carbohydrate fed, bicarbonate had no effect on the blood 
sugar values. 

After the 2 week period, the animals were fasted for 24 hours, then in- 
jected subcutaneously in four different areas with 10 ml. of an aqueous 
solution containing 7.5 gm. of fructose or glucose with or without 1.0 gm. 
of bicarbonate 30 minutes before sacrifice. 5 minutes before sacrifice, each 
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animal was injected intracardially with 0.025 me. of acetate-1-C™ (approxi- 
mately 0.5 mg. of sodium acetate). Livers of the rats from each group 
were then removed, frozen, and poole.i, and the levels and activities of the 
acids of the tricarboxylic cycle were measured as described previously (1, 
8). 


TaBLe II 
Effect of Fructose and Administered Base on Incorporation of Acetate-1-C'* into 
Acids of Tricarboxylic Acid Cycle in Livers of Alloxan-Diabetic Rats 


The values are given as counts per minute per 100 gm. of tissue. 














Glucose-fed rats Fructose-fed rats 
Acid Normal Diabetic Normal Diabetic 
No base | No base Base No base | No base Base 
NE 6.0505 osu. weed ealeowars 32,600 500 40,820 | 36,320 | 6050 | 13,680 
SS 4,560| 100 | 4,580| 2,040] 930 | 2,100 
a-Ketoglutarate.............. 7,800 160 26,500 | 8,500 | 2510 5,000 
DOCNMMOD. ... cee see cw es 1,880 140 8,440 | 1,400 440 1,260 
Fumarate..................... 2,300 | 200 | 5,650| 1,340] 650 | 1,280 
NN ei cae is, seh cniaie sinker 3,240 140 8,200 | 2,760 750 1,320 























TaBxe III 
Levels of Acids of Tricarboxylic Acid Cycle in Glucose-Fed Rats 


The values are given in mg. per 100 gm. of tissue. 








Acid Normal Alloxan-diabetic | Alloxan-diabetic + 
MS io hun ca tha oad eee eee 2.6 0.8 3.1 
DIS seis cies Sew dew Seusidec’ 0.7 0.1 0.9 
a-Ketoglutarate................... 1.4 0.5 1.5 
oi rae ose swe Owens 2.8 0.9 3.0 
I xs cys 3d pvsdcesaws pe ende 1.6 0.6 ie 
ceric 5 sg, Vp sin rein male eA 1.7 0.7 1.8 














The effect of the carbohydrate in the diet on the incorporation of ace- 
tate into the acids of the Krebs cycle is shown in Table II. Although the 
counts per 100 gm. of tissue are somewhat higher in the fructose-fed dia- 
betic rats than in the glucose-fed diabetics, the counts are much less than 
those in the normal animals. It can therefore be said that the substitu- 
tion of fructose for glucose in the diet of the alloxan-diabetic rat does not 
correct the defect in the metabolism of acetate. 

The effect of bicarbonate on the incorporation of acetate by the livers of 
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‘the alloxanized animals is also presented in Table II. Bicarbonate ap- 
pears to correct the defect in acetate incorporation, since both the levels 
(Table III) and activities of the cycle acids return toward normal after its 
administration. 

The levels of the acids in the non-base-fed normal and diabetic animals 
given fructose were not significantly different from those in Table III, and 
therefore are not reported separately. 


DISCUSSION 


Fructose appears to have little or no effect on either the blood sugar 
level or the uptake of acetate by the liver of the alloxan-diabetic rat. This 
lack of effect on blood sugar is in agreement with the results of other 
workers (9). These observations again emphasize the view that in alloxan 
diabetes the phosphorylation of glucose is only one of the metabolic steps 
affected. 

Bicarbonate administration likewise produced no effect on blood glucose 
concentrations but did increase the utilization of acetate by the liver of 
the diabetic rat. It can therefore be concluded that at least two steps in 
metabolism are partially blocked in alloxan diabetes: one involving ace- 
tate and corrected by bicarbonate, and the other involving glucose or 
fructose and not corrected by bicarbonate. 

The incorporation of acetate into the cycle in the diabetic may be stim- 
ulated by bicarbonate in several different ways: There may be, as origi- 
nally postulated, a pH difference between normal and diabetic tissue. The 
drop in pH in the diabetic tissue may result in a block in either the con- 
densation of acetate with oxalacetate or the conversion of acetate to acetyl 
coenzyme A. In this case, the return of the pH to normal, following the 


administration of bicarbonate, would correct this defect. On the other | 


hand, bicarbonate may have some specific effect such as stimulation of the 
formation of oxalacetate from pyruvate and carbon dioxide. 

Regardless of the mechanism involved, it appears from the present study 
that two reactions are blocked in alloxan diabetes, one of which is not 
corrected by the administration of either fructose or bicarbonate. The 
other is removed when bicarbonate is administered. This defect in ace- 
tate utilization is, then, a secondary effect in the liver of the alloxan-dia- 
betic rat and does not require insulin for its correction. Although second- 
ary, this defect in acetate metabolism is none the less serious and must be 
listed as a significant metabolic aberration in the diabetic animal. 


SUMMARY 


The blood sugar levels and the rate of incorporation of acetate into the 
acids of the tricarboxylic acid cycle were measured in the livers of normal 
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and diabetic rats fed either fructose or glucose as the sole source of carbo- 
hydrate. 

The effect of bicarbonate on the blood sugar levels and the rate of incor- 
poration of acetate were also studied. 

Fructose had no effect on either the blood sugar levels or the incorpora- 
tion of acetate in the livers of alloxanized animals. 

Bicarbonate likewise did not affect blood sugar level but did increase 
the rate of utilization of acetate by the liver of the diabetic rat. 

It is therefore suggested that at least two reactions are blocked in the 
livers of alloxanized rats, one of which involves the utilization of glucose 
and the other the utilization of acetate. 


Addendum—Since this manuscript was submitted for publication, a report by 
Beatty and West (10) appeared, presenting data which likewise indicate that, in the 
alloxan rat, fructose has no effect on the metabolic block involving the tricarboxylic 
acid cycle. They regard their results ‘‘as presumptive evidence that insulin may be 
involved in metabolism at the level of the tricarboxylic acid cycle, possibly in the 
condensation of acetyl CoA with oxalacetate.’’ 
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AMINO ACID SUPPLEMENTATION AND VOLUNTARY 
ALCOHOL CONSUMPTION BY RATS 
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(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, September 27, 1955) 


In an earlier paper from this laboratory (1), evidence was presented that 
oral administration of glutamine decreases the voluntary consumption of 
alcohol by rats. The question then arose as to whether glutamine was 
unique among the amino acids in this respect or whether other nitrogen 
supplements would produce a similar effect. A comparison of the effect of 
glutamine with that of several other amino acids has now been made. 


EXPERIMENTAL 


Fifty-eight Wistar rats, 90 to 96 days old, were divided into six groups, 
one group consisting of five males and three females, and each of the other 
groups of six males and four females. The animals were kept in separate 
cages and given their choice of distilled water or a 10 per cent ethanol 
solution as described earlier (1). The average daily alcohol consumption 
was determined for each animal during the following 94 day period, while 
all the animals were fed the basal ration of ground Purina laboratory chow. 

For the next 42 days the diets of five of the groups were supplemented 
with 100 mg. per rat per day of glutamine, glutamic acid, sodium gluta- 
mate, asparagine, and glycine, respectively. The sixth group was con- 
tinued on the basal ration to serve as a control. The alcohol consumed 
by each animal was measured as before. 

At the end of this period all the animals were again fed the basal ration, 
and measurements of alcohol consumption were made for an additional 35 
days. 

In Table I appears the average daily alcohol consumption for the rats 
of each group during the three periods described. 


DISCUSSION 


In selecting the amino acids to be used in this study, it seemed especially 
appropriate to determine the effect of glutamic acid because of its close 
structural similarity to glutamine. Since it has been suggested (2) that 
sodium glutamate is absorbed much more readily than the corresponding 
free acid, the effect of this salt was also studied. Asparagine was included 
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in an effort to determine whether or not the amide group is important in 
reduction of appetite for alcohol. In order to rule out the possibility 
that any nitrogen supplementation, whether or not the compound was 
closely related to glutamine, might produce the same effect, glycine was 
also included. 

The results presented in Table I indicate that, among the amino acids, 
glutamine has a high degree of specificity in its ability to reduce alcohol 
consumption by rats. Although the control group actually drank some- 
what more alcohol during the experimental period than during the preced- 
ing period, the animals receiving the glutamine consumed only 66 per cent 
as much. Statistical analysis of the individual data reveals that the dif- 


TaBLe [ 
Effect of Various Supplements on Alcohol Consumption by Rats 





Mean alcohol consumption, ml. per | 
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ferences in drinking behavior of these two groups are significant at the 4 
per cent confidence level (¢ = 2.25). 

On the other hand, the animals receiving glutamic acid, sodium gluta- 
mate, asparagine, or glycine increased their consumption of alcohol during 
the supplementation period, as did the controls. When the percentage 
increase for each of these supplemented groups is compared with that of 
the controls, however, no statistically significant differences are revealed. 
Such results indicate that the increased consumption was due to unknown 
causes and not to the administration of the supplements. 

When the mean consumption of each group during the postexperimental 
period is compared with that of the corresponding group during the pre- 
experimental period, again no statistically significant differences are ob- 
served. This behavior is in confirmation of our earlier observation (1) 
that the effect of glutamine supplementation on alcohol consumption does 
not persist long after the discontinuance of the supplement, 
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It may be noted that in the present study the mean daily consumption 
of all the animals prior to amino acid administration was 0.39 ml. of alco- 
hol per 100 gm. of rat in comparison with 0.52 ml. for the corresponding 
period in our earlier study (1). Wide individual variations were observed 
in both cases. Such group differences are probably in part a reflection of 
the differences in the ages of the animals used in the two studies. It has 
been our observation that more mature rats tend to consume larger amounts 
of alcohol than do younger rats. Perhaps of more importance is the fact 
that in this experiment the animals were selected at random, while the 
rats chosen for the earlier study were those known to be high consumers of 
alcohol. However, in both experiments glutamine was effective in pro- 
ducing a significant decrease in the rate of alcohol intake. 


SUMMARY 


The effect of glutamine in decreasing voluntary alcohol consumption by 
rats has been compared with that of glutamic acid, sodium glutamate, 
asparagine, and glycine. Of this group of compounds, only glutamine pro- 
duced a statistically significant decrease. 
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The carbon atom of formaldehyde has been studied metabolically in 
several laboratories and has been shown to serve as a precursor of labile 
methyl groups (1, 2), the 8-carbon of serine (3), and carbons 2 and 8 of 
purines (4), and it thus resembles the carbon atom of formate (1, 5-7). 

Despite this metabolic similarity, Siekevitz and D. M. Greenberg (8) 
have shown that, in the conversion of glycine to serine, formate is not re- 
duced to formaldehyde, either aerobically or anaerobically, by rat liver 
slices. G. R. Greenberg (9) has also found that interconversion of formate 
and formaldehyde does not necessarily occur during reactions in which the 
carbon atom of these compounds is incorporated into purines, and Berg 
(10) has demonstrated, by isotope dilution experiments, that formaldehyde, 
per se, does not appear to be an intermediate during labile methyl group 
formation, after either aerobic or anaerobic incubation of guinea pig prep- 
arations with formate and homocysteine. 

lt was therefore of interest to study the metabolism of formaldehyde as 
a precursor of the methyl groups of choline and creatine, of the methyl 
group of thymine, and of carbons 2 and 8 of nucleic acid purines. By 
using formaldehyde labeled with both D and C", and by comparing the 
ratio of D to C™ in the isolated compounds with that of D to C™ in the ad- 
ministered formaldehyde, it should be possible to determine whether the 
formaldehyde was utilized per se or via a formate-like intermediate. If 
the latter were the case, 1 of the deuterium atoms attached to the carbon 
would have to be lost. ‘This would be reflected in the D to C™ ratio of the 
isolated compounds. 
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FORMALDEHYDE-C" , D2, METABOLISM 


EXPERIMENTAL 


Assay of Formaldehyde-C'\—The formaldehyde-C“ had been prepared 
by catalytic oxidation of methanol-C" and purified via its bisulfite deriva- 
tive. 

The possible contamination by methanol was determined by addition of 
unlabeled methanol to a small aliquot of the formaldehyde-C“. The ac- 
tivity of the methyl p-nitrobenzoate prepared from this mixture indicated 
that the methanol contamination could not exceed 2 per cent. The formic 
acid contamination was shown to be no greater than 1 per cent by adding 
unlabeled formic acid to a small aliquot of the formaldehyde-C™ and de- 
termining the radioactivity of the p-bromophenacy] formate (11) prepared 
from this mixture. 

Preliminary Study of Formaldehyde-C“ Incorporation into Allantoin and 
Urea—In order to determine the approximate level of incorporation of 
formaldehyde-C™ into purines, two male Sherman strain rats, weighing 
about 225 gm. each, received 0.61 mmole of formaldehyde-C", having an 
activity of 6.17 X 10° c.p.m. per mmole, per day for 3 days subcutaneously. 
During this period and for 24 hours following the final injection, the urines 
were collected under toluene. The pooled urines were filtered and al- 
lantoin and urea were isolated (12). The allantoin had an activity of 
1.30 X 10‘ c.p.m. per mmole, representing a relative specific activity? of 
1.06 in carbon 2 and in carbon 8 of the purines from which it was derived. 
The urea, isolated as the dixanthydrol derivative, had an activity of 
2.4 X 10? c.p.m. per mmole, representing a relative specific activity of 
about 0.04. 

Preparation of Formaldehyde-D,—1 ,2-Dibromoethane-D, was prepared 
by a modification of the general procedure of Leitch and Morse’ (13, 14), as 
described in the paper of Rachele, Kuchinskas, Knoll, and Eidinoff (15), 
from deuterium bromide and acetylene-D2. It was converted via ethylene- 
D, glycol diacetate to ethylene-D, glycol. To 8.10 gm. of periodic acid 
in 20 ml. of water were added 1.62 ml. (1.80 gm.) of ethylene-D, glycol 
(16).4 The reaction mixture was cooled in an ice bath for a few minutes 
and then allowed to stand at room temperature for 1 hour. The solution 
was neutralized with warm, saturated, aqueous barium hydroxide. After 


1 Obtained from the Isotopes Specialties Company, Inc. 

2 Relative specific activity = (activity per millimole of the isolated compound) X 
100/(activity per millimole of the administered compound). 

3 We wish to thank these authors for a description of their procedure prior to 
publication. 

4The non-lability of the carbon-bound hydrogen atoms of the ethylene glycol 
during periodate oxidation had previously been established by showing the absence 
of deuterium in formaldehyde prepared by periodate oxidation of unlabeled ethylene 
glycol in the presence of deuterium oxide. 
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cooling, the precipitated barium iodate and barium periodate were re- 
moved by filtration. Addition of several drops of 10 per cent sodium sul- 
fate solution to the filtrate gave only a faint turbidity of BaSO,, which was 
removed by filtration. It has been shown by Head and Hughes (17) that 
formic acid is detectable in such an oxidation only after prolonged standing 
of formaldehyde in periodic acid. 

Preparation of Formaldehyde-C“,D2 for Injection—To the formalde- 
hyde-D, solution (41 ml.) prepared above were added 0.4 ml. of C“H,O 
solution, containing about 4 X 10’ c.p.m. in 0.04 mmole of formaldehyde, 
and 360 mg. of NaCl. 

To 0.2 ml. of this injection solution were added 25 ml. of 0.4 per cent 
aqueous dimedon. The formaldehyde dimedon derivative weighed 66 mg. 
The injection solution therefore contained 36 mg. of formaldehyde-C™ , D, 
per ml. 

Based on the analysis of the dimedon derivative prepared above and of 
a duplicate dimedon derivative prepared at the conclusion of the 10 day 
injection period, the deuterium content was found to be 96.4 atom per 
cent excess, and the radioactivity was 1.01 X 10° ¢.p.m. per mmole. The 
ratio of deuterium to C' (D:C") of the administered formaldehyde was 
thus 9.53 X 10-°. 

Administration of Formaldehyde-C™ ,D.,—Aliquots of the injection solu- 
tion were administered subcutaneously during ether anesthesia, three times 
daily for 10 days to six male Sherman strain rats of about equal size, weigh- 
ing a total of 2012 gm. 

In preliminary studies, it had been found that rats weighing from 140 to 
400 gm. could tolerate about 0.75 mmole of CH,O per rat per day over a 
15 day period. Histological® study of a number of organs obtained from 
a representative animal revealed no lesions attributable to the injected 
material. Only the sites of injection appeared unusual in that tissue 
hardening and some local edema were noted. 

The total daily injection of the isotopic material per rat was 0.51 ml. 
containing 0.57 mmole of formaldehyde. The animals were maintained 
on their accustomed diet of Purina pellets. Urine was collected daily under 
toluene, filtered, and refrigerated. About 21 hours after the final injec- 
tion, the animals were sacrificed under ether anesthesia. The various 
organs (liver, spleen, kidney, testis, and cleaned small intestine) were re- 
moved and frozen in dry ice-alcohol. Small sections of liver from each 
animal were fixed in Zenker’s fluid for histological study® and found to be 
normal. After removing the skin and fur in the general area of the injec- 
tions, the remainder of the carcasses was cut into small pieces and frozen. 


5 We wish to thank Dr. 8. Sternberg and Dr. F. Philips for their assistance in the 
histological examinations. 
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cooling, the precipitated barium iodate and barium periodate were re- 
moved by filtration. Addition of several drops of 10 per cent sodium sul- 
fate solution to the filtrate gave only a faint turbidity of BaSO,, which was 
removed by filtration. It has been shown by Head and Hughes (17) that 
formic acid is detectable in such an oxidation only after prolonged standing 
of formaldehyde in periodic acid. 

Preparation of Formaldehyde-C“,D, for Injection—To the formalde- 
hyde-D, solution (41 ml.) prepared above were added 0.4 ml. of C“H,O 
solution, containing about 4 X 10’ ¢.p.m. in 0.04 mmole of formaldehyde, 
and 360 mg. of NaCl. 

To 0.2 ml. of this injection solution were added 25 ml. of 0.4 per cent 
aqueous dimedon. The formaldehyde dimedon derivative weighed 66 mg. 
The injection solution therefore contained 36 mg. of formaldehyde-C*, D, 
per ml. 

Based on the analysis of the dimedon derivative prepared above and of 
a duplicate dimedon derivative prepared at the conclusion of the 10 day 
injection period, the deuterium content was found to be 96.4 atom per 
cent excess, and the radioactivity was 1.01 X 10° c.p.m. per mmole. The 
ratio of deuterium to C (D:C") of the administered formaldehyde was 
thus 9.53 X 10-°. 

Administration of Formaldehyde-C™“ ,D.,—Aliquots of the injection solu- 
tion were administered subcutaneously during ether anesthesia, three times 
daily for 10 days to six male Sherman strain rats of about equal size, weigh- 
ing a total of 2012 gm. 

In preliminary studies, it had been found that rats weighing from 140 to 
400 gm. could tolerate about 0.75 mmole of CH,O per rat per day over a 
15 day period. Histological® study of a number of organs obtained from 
a representative animal revealed no lesions attributable to the injected 
material. Only the sites of injection appeared unusual in that tissue 
hardening and some local edema were noted. 

The total daily injection of the isotopic material per rat was 0.51 ml. 
containing 0.57 mmole of formaldehyde. The animals were maintained 
on their accustomed diet of Purina pellets. Urine was collected daily under 
toluene, filtered, and refrigerated. About 21 hours after the final injec- 
tion, the animals were sacrificed under ether anesthesia. The various 
organs (liver, spleen, kidney, testis, and cleaned small intestine) were re- 
moved and frozen in dry ice-alcohol. Small sections of liver from each 
animal were fixed in Zenker’s fluid for histological study® and found to be 
normal. After removing the skin and fur in the general area of the injec- 
tions, the remainder of the carcasses was cut into small pieces and frozen. 


5 We wish to thank Dr. 8. Sternberg and Dr. F. Philips for their assistance in the 
histological examinations. 











328 FORMALDEHYDE-C" , D2 METABOLISM 


Isolation and Degradation of Choline and Creatine—Choline and creatine 
were isolated as described previously (18, 19) from the combined NaCl- 
extracted residues of the organs used for the nucleic acid preparation de- 
scribed below and from the remainder of the frozen carcasses. The choline 
chloroplatinate was degraded to trimethylamine chloroplatinate and the 
creatinine potassium picrate was degraded to methylamine chloroplatinate 
(18, 19). The chloroplatinates were analyzed for platinum® and the purity 
of the creatinine potassium picrate was determined by the Jaffe colori- 
metric reaction. The analytical data are summarized in Table I. 

Isolation of Nucleic Acids—The pooled internal organs were homogen- 
ized, dried, and extracted with 10 per cent NaCl solution as described pre- 
viously (12). The 2.13 gm. of crude sodium nucleate obtained were hy- 
drolyzed, as in the method of Schmidt and Thannhauser (20) with Nn NaOH 














TABLE I 
Analysis of Isolated Compounds 

Compound Analysis Found Calculated 
per cent per cent 
Choline chloroplatinate Pt 31.42 31.68 
Trimethylamine chloroplatinate o 36.62 36.96 

Creatinine potassium picrate | Jaffe 100 100 
Methylamine chloroplatinate | Pt 41.25 41.35 





at room temperature for 22 hours. To the resultant solution of nucleo- 
tides from the ribonucleic acid (RNA) and of the deoxyribonucleic acid 
(DNA) were added 6 n H2SO, and 5 per cent trichloroacetic acid (TCA) 
to precipitate the DNA which was washed with dilute TCA, ethanol and 
ether, and air-dried. 

Preparation of RNA Purines—The purine nucleotides in the supernatant 
solution were hydrolyzed to purine bases with hot dilute sulfuric acid (21). 
The silver salts of the purines were precipitated and decomposed with dilute 
hydrochloric acid. The solution of purine hydrochlorides was adjusted 
to pH 8 to precipitate the guanine which was collected by centrifugation. 
To the supernatant solution was added saturated aqueous picric acid. 
The precipitate of adenine picrate was collected. 

The guanine prepared above was reprecipitated several times from dilute 
HCl by neutralization with NaOH to constant radioactivity prior to 
deuterium analysis on a diluted sample. 

The adenine picrate was decomposed by bubbling dry hydrogen chloride 
through an ether suspension of the compound. The precipitated adenine 


6 Platinum analyses were performed by Joseph Alicino, Metuchen, New Jersey. 
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hydrochloride was collected by filtration. Final traces of picric acid were 
removed with Dowex 1-Cl (22). The solution was neutralized and the 
adenine was recrystallized from water several times to constant radio- 
activity prior to deuterium analysis on a diluted sample. 

Separation of DNA Purines and Pyrimidines—The crude DNA precipi- 
tate was hydrolyzed with 72 per cent HClO, (23). The silver salts of the 
purines and pyrimidines were obtained and converted to the hydrochlo- 
rides. Separation of the free bases was effected by using Dowex 1 ion 
exchange columns (24). The purine and pyrimidine bases were recrystal- 
lized to constant radioactivity. 

Degradation of Thymine—In order to localize the C“ in the thymine 
molecule, it was degraded by the procedure of Baudisch and Davidson 
(25). Carrier thymine was added to the isolated compound which was 
then converted to the 5-bromo-4-hydroxydihydrothymine and hydrolyzed 
by heating with n NaHCO; in a boiling water bath for 1 hour to give acetol, 
urea, and CO:. From an aliquot of the reaction mixture BaCO; was pre- 
cipitated and collected, and the radioactivity was determined. The filtrate 
was used to prepare the dixanthydrol urea derivative which was recrys- 
tallized from glacial acetic acid. A second aliquot was used to prepare 
the osazone of acetol by treatment with 2 ,4-dinitrophenylhydrazine in 3 
N HCl. The osazone was recrystallized from nitrobenzene. A third ali- 
quot was used to prepare iodoform from the acetol formed as a degradation 
product. The iodoform was recrystallized from ethanol-water. 

For specific activity determination, the osazone of acetol, iodoform, and 
dixanthydrol urea was oxidized by the Van Slyke-Folch (26) procedure and 
the radioactivity of the BaCO; thus prepared was determined. 

Isolation of Allantoin and Urea—Allantoin was isolated from the pooled 
urines (12) and recrystallized to constant radioactivity prior to deuterium 
analysis. The deuterium content was 0.002 atom per cent excess. 

Urea was isolated as the dixanthydrol derivative (12) and ethanolic 
suspensions were plated on aluminum planchets. 

Determination of Specific Radioactivity—The radioactivity of the purines, 
pyrimidines, allantoin, urea, and dimedon derivatives was determined by 
direct plating of infinitely thin films from solutions prepared from weighed 
samples. In the case of the purines and pyrimidines, the concentrations 
were confirmed by optical density measurements at given wave-lengths 
based on known extinction coefficients (27). Aluminum planchets of 10 
sq. cm. were used. 

The activity of the chloroplatinates of choline, trimethylamine, and 
methylamine, as well as of creatinine potassium picrate and the dimedon 
derivatives, was determined as BaCO; (26), the activities of which were 
corrected for self-absorption. The activities determined by these two 
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methods for the dimedon derivatives agreed within about 3 per cent. 
Significantly radioactive samples were counted for a sufficient period of 
time to assure about a 3 per cent standard error. An internal Geiger- 
Miiller flow counter with helium-isobutane gas was used. 

Deuterium Analysis—The compounds to be analyzed for deuterium were 
burned in a current of oxygen with the resultant water converted to hydro- 
gen as described previously (28). The deuterium determinations were 
made with a dual collector Nier type hydrogen mass spectrometer. 




















Tass II 
Incorporation of Formaldehyde-C™, D, into Labile Methyl Groups 
D:C in 
Radiocarbon Deuterium D:C™ “oO 
Compound D:C¥ in 
adminis- 
B tered form- 
(A) (By | (GZ) | “aldehyde 
c.p.m. per atom 
c.p.m. per m.eq. alom t per cent i 
mmole of “7 p canes encess 7 x 10° 
Formaldehyde...... ....| 1.01 X 106 96.4 9.53 
Choline chloroplatinate...... 3.6 X 104 6.0 | 0.123 | 0.191 | 3.2 0.33 
Trimethylamine chloroplati- 
UE iain vncn er Fee 4.7 | 0.114 | 0.127 | 2.7 0.28 
Creatinine potassium picrate.| 4.2 X 10° 4.2 | 0.021 | 0.084 | 2.0 0.21 
Methylamine chloroplatinate.| 3.3 < 10° 1.7 | 0.031 | 0.062 | 3.7 0.39 




















RESULTS AND DISCUSSION 


It would appear from Table II that formaldehyde, per se, was not con- 
verted into the methyl groups of the compounds studied. If “direct” 
utilization had occurred, both hydrogen atoms would have been retained 
with each atom of carbon and each methyl group formed would have re- 
sulted from the acquisition of a single hydrogen atom. Such a “direct” 
utilization would have resulted in a ratio of (D:C™ in methyl group) to 
(D:C* in administered formaldehyde) of 0.67. If, however, formaldehyde 
utilization involved the loss of a carbon-bound hydrogen followed by the 
reduction of the resultant group by the acquisition of 2 hydrogen atoms to 
form a methyl group, the ratio of (D:C“ in methyl group) to (D:C™ in 
administered formaldehyde) would have been 0.33. From the ratios ob- 
tained (Table II), it would appear that the latter route of utilization is 
the more probable. 

These results are in accord with the extent of oxidation previously found 
by du Vigneaud, Verly, Wilson, Rachele, Ressler, and Kinney (2) after the 
administration of methanol-C“,D;. These investigators found that the 
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dilution of deuterium was about 3 times as great as that of the radiocarbon 
in the methyl groups of trimethylamine chloroplatinate prepared from tis- 
sue choline, implying that the methanol was also oxidized to formate or a 
formate-like substance prior to methyl group formation. 

When Ressler, Rachele, and du Vigneaud (29) studied labile methy] 
group synthesis with sodium formate-C™,D in vivo, it was found that the 
formate was converted to the methyl groups of tissue choline with no de- 
tectable loss of its deuterium. Thus, intermediates containing readily 
exchangeable hydrogen atoms or no hydrogen atoms were eliminated as 
possible precursors. 

Although formate-like compounds play an important réle in the metab- 
olism of 1-carbon intermediates, there is considerable evidence that form- 
aldehyde may also be metabolized by a pathway not involving formate. 
Greenberg (30) has been able to demonstrate the rapid incorporation of for- 
maldehyde-C* into inosinic acid in pigeon liver preparations. The addi- 
tion of large pools of unlabeled formate served to dilute the activity to 
only about one-third to one-half, thus implying that much of the formalde- 
hyde was incorporated without going through free formate as an inter- 
mediate. Similarly, with formate-C“ and unlabeled formaldehyde, a 
dilution of the same order was observed. Although formaldehyde was 
found to be rapidly converted to formate, this does not appear to be an 
obligatory pathway to the purines. Greenberg has suggested that both 
formate and formaldehyde are converted to a common intermediate prior 
to conversion into purines and has mentioned that Berg (31) has also re- 
ported this to be true in the synthesis, in vitro, of methionine methy] group. 
Mitoma and Greenberg (32) have also shown that formate can be utilized 
metabolically as a 1-carbon intermediate without going via formaldehyde 
in the formation of serine. However, the interesting studies of Elwyn, 
Weissbach, Henry, and Sprinson (33, 34) with serine doubly labeled inter- 
molecularly in the 8 position with radiocarbon and deuterium have indi- 
cated that, in the formation of labile methyl groups from the 6-carbon of 
serine, both hydrogen atoms remain bound to the carbon, thereby ruling 
out oxidation to a formate-like intermediate as a necessary step. 

For an interpretation of the data of Table II, it is necessary to consider 
the competing fates awaiting the administered formaldehyde. Formalde- 
hyde is known to be effectively bound to tissue protein (35) and nucleo- 
protein (36) which would essentially make it unavailable for metabolism. 
Such a reduced availability of formaldehyde would have no effect on the 
D:C* ratios. Formaldehyde is also known to be oxidized to formic acid 
by tissue preparations (37-39), and, if this occurred to an appreciable 
extent, it would have a pronounced effect on the D:C™ ratios and there- 
fore on the interpretation of these data. However, the utilization of 
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formaldehyde is not necessarily via formic acid, for, indeed, in certain 
experiments, formaldehyde cannot be readily replaced by formate (3, 
40-43). It has also been shown by a number of investigators that, in a 
variety of tissues and tissue preparations, formaldehyde persists long 
enough to be detected or recovered after being formed metabolically (43, 
44) or following its incubation as a substrate (10, 43). It is therefore con- 
cluded that, despite the possible oxidation of the uncombined administered 
formaldehyde, a sufficient amount of formaldehyde or formaldehyde-like 
derivative can persist to be utilized as such. 

In order to account for the interrelationships that exist between formate- 
like and formaldehyde-like metabolic intermediates, the existence of 
equilibria between formyl and hydroxymethyl] derivatives of tetrahydro- 
pteroylglutamic acid (40, 43), glutathione (39), homocysteine (30, 31), and 
adenosylhomocysteine (45) have been postulated. These systems could 
provide mechanisms for the interconversion of 1-carbon metabolites, pre- 
sumably via oxidation-reduction equilibria. Complete oxidation-reduc- 
tion equilibrium between the formyl and hydroxymethyl] forms would re- 
sult eventually in the complete exchange of carbon-bound hydrogens of 
the reactive groups and in a ratio of (D:C" in the isolated methyl groups) 
to (D:C™ in the administered formaldehyde) approaching 0.0. Rapid 
utilization of the formyl compound after being formed by oxidation of the 
hydroxymethyl] analogue with the loss of 1 atom of hydrogen would lead 
to a ratio of about 0.33, whereas rapid utilization of the hydroxymethy] 
form with no loss of hydrogen would lead to a ratio of about 0.67. Any 
intermediate ratio could then serve to indicate a partial labilization of the 
hydrogen atoms resulting from incomplete equilibrium and relatively slow 
utilization of one or both forms. The postulated reactions are depicted 
below. Since the ratios found in the labile methyl groups were of the 
order of 0.33, direct utilization of the unaltered formaldehyde-like inter- 
mediate would appear unlikely, unless as a result of a very selective utiliza- 
tion of one of the labeled molecular species. 


compounds containing the 1-carbon unit 
HCOOH = R—CHO —> 


It should be emphasized at this point that the formaldehyde used was 
a mixture consisting of a number of different molecular species. Thus, the 


mixture contained about 0.1 per cent C“H.O and CH,O, about 93 per cent 


CD,O, and about 7 per cent CHDO. 
The interpretation of data from experiments with intramolecular mul- 


tiple labeling with radiocarbon and a heavy isotope of hydrogen must be | 


made with the possibility of isotope selection in mind (15, 46). A study 
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with methanol, intermolecularly labeled with radiocarbon, deuterium, and 
tritium, as a precursor of labile methyl groups (15) indicated that in the 
process of oxidation and subsequent reduction to labile methyl groups, the 
carbon-tritium bond was considerably more stable metabolically than the 
carbon-deuterium bond, with a fractionation factor of tritium versus 
deuterium of 1.3. Urinary formate obtained from the same experiment 
showed an even greater fractionation. It was pointed out (15) that failure 
to consider the effect of isotope selection in an experiment of this type could 
lead to erroneous formulation of metabolic pathways. The opportunity 
existed for intramolecular selection of hydrogen isotopes in that experiment 
since, in the deuterium- and tritium-containing species of methanol, only 1 
of the 3 carbon-bonded hydrogen atoms was replaced with the heavier 
isotope. Thus, relative retention of tritium resulting from greater sta- 
bility of the carbon-tritium bond led to an enrichment of tritium in the 
labile methyl groups, which could be interpreted as intermediate oxidation 
of methanol to a formaldehyde stage, rather than to a formate stage, al- 
though the latter may actually have occurred. 

Hydrogen isotope selection can also favor the enrichment of a protium- 
bonded carbon atom. In a comparison of the oxidation in vivo of intra- 
molecularly labeled methionine-C“D; and methionine-C“Hs, a preferential 
oxidation of the protium-bonded carbon was found (46). An analogous 
effect was observed by Abeles (47) who found that when an equimolar 
mixture of sarcosine-CD; and sarcosine-CH; was oxidized, using a rat liver 
mitochondrial system, the products formed (serine and formaldehyde) 
were enriched with respect to protium. He has concluded that, in addition 
to a decrease in the rate of oxidation of an enzyme-substrate complex con- 
taining deuterium, the presence of deuterium may also effect a reversible 
step in the binding of enzyme and substrate, since he also stated that the 
Michaelis constant for the oxidation of sarcosine-CD; was one-half that 
for the oxidation of sarcosine-CH3. 

While the data of the present study imply utilization of formaldehyde 
for labile methyl group formation via formate, these results could also arise 
if enrichment of the methyl group, with respect to radiocarbon, resulted 
from a greater metabolic stability of the deuterium-containing intermedi- 
ates in the steps leading from formaldehyde to methyl groups without 
necessarily implying utilization via preliminary oxidation to formate. 

The interpretations to be obtained from this experiment regarding the 
mode of utilization of formaldehyde for labile methyl group formation are 
therefore limited. It is obvious that the bulk of the formaldehyde was 
not utilized without first undergoing a loss of 1 of its hydrogen atoms. 
Whether this is the obligatory pathway, or whether this resulted through 
the action of a formaldehyde dehydrogenase (39), is not known. Also, 
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the extent to which isotope selection may have influenced the D:C* ratios 
remains uncertain. An experimental approach to this problem is now un- 
der way with formaldehyde intramolecularly labeled with radiocarbon and 
deuterium. 

The incorporation of the radiocarbon from the injected formaldehyde- 
CD, is presented in Table III. It is of interest to note that the level 
of incorporation into the labile methyl groups parallels the incorporation 
found following the administration of formaldehyde-C" (2) into the methyl 


TaBLeE III 


Incorporation of Radiocarbon from Formaldehyde-C", D2 


Administered at a level of 1.01 X 10° c.p.m. per mmole. 








Compound C.p.m. per mmole a 
Choline chloroplatinate*.......................... 3.6 X 104 0.60 
Trimethylamine chloroplatinate*.................. 2.8 X 104 0.46 
Creatinine potassium picrate*.................... 4.2 X 103 0.42 
Methylamine chloroplatinate*.................... 3.3 X 103 0.17 
I eas ia te chile facet kava stewaknndid 6.1 X 104 3.0f 
PE 5S yi Donates sche soe eetwemeaaes 4.3 X 10 2.1f 
RE EES A aa ane 3.3 X 104 1.6f 
FI s55 ha cd aus Sierete ices wav Sins ss Kaa eae dare 2.9 X 104 1.4} 
IN i 25c.hrnd eed ob Fs AKA Rn esbORdslgOo 5.5 X 10? 0.05§ 
NSE one ns Fe aE ey ee 1.8 X 104 1.8t 
io Soc Fo od ua igs, Scar gecko nore, wa tins Naht watetin 3.6 X 10! 1.8t 
rd, 6 isha i wrsta ecnted ce ice erp ae Soowrela peroeE Mond 5.9 X 10? 0.06 

















* Determined as BaCOs;. 

t Relative specific activity in methyl group, assuming insignificant activity in 
remainder of molecule. 

t Relative specific activity in C2 and in Cs of purine, assuming equal incorpora- 
tion into each. 

§ Relative specific activity in pyrimidine ring. 


groups of choline and creatine. In the present experiment, the incorpora- 
tion was about 4 times as high, but the level of administration was 10 times 
greater and spread over a 10 day period rather than for 3 days. When for- 
mate-C™ was administered by du Vigneaud, Verly, Wilson, Rachele, Ress- 
ler, and Kinney under the conditions used for their formaldehyde experi- 
ment (2), the incorporation into the methyl groups of choline and creatine 
was almost identical with the incorporation noted with formaldehyde-C*. 
Elwyn, Weissbach, Henry, and Sprinson (34) had reported that the in- 
corporation of B-labeled serine into the methyl groups of choline represented 
about a 1 per cent incorporation after a 2 day administration at the level 
of about 0.50 mmole per 100 gm. of body weight per day. 
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The utilization of formaldehyde-C“,D, for nucleic acid synthesis was 
quite extensive, as evidenced by the incorporation of the carbon into the 
purines of both RNA and DNA and into the thymine of DNA. These 
activities are of the order found with formate by Totter, Volkin, and Carter 
(48), Bendich, Russell, and Brown (49), Goldthwait and Bendich (50), 
and Herrmann, Fairley, and Byerrum (51). 

An attempt was made to determine the réle of formaldehyde as a pre- 
cursor of the methyl group of thymine and of carbons 2 and 8 of purines. 
These results are summarized in Tables IV and V. In view of the small 
quantity of purified thymine obtainable from the animals, considerable 
dilution of this isolated material with unlabeled carrier thymine was neces- 
sary to obtain deuterium analyses and to carry out a degradation of the 




















TaBLe IV 
Incorporation of Formaldehyde-C™, D2 into Methyl Group of Thymine 
Radiocarbon Deuterium D:Cu oan group 
Compound D:cs in 

- a 
(A) (B) (3) | ‘formaldehyde 

ii “i | Seta | ** 
Thymine*.........|1.4 + 0.3)0.021 + 0.002/0.042 + 0.004/)3.2 + 1.0/0.34 + 0.11 
wad | Baa 1.6 + 0.3/0.036 + 0.002/0.072 + 0.004/4.6 + 1.0/0.48 + 0.11 








* This thymine represents a 12.1-fold dilution (by weight) of the originally iso- 
lated thymine with unlabeled carrier thymine. 


¢ This thymine represents a 9.7-fold dilution (by weight) of the originally isolated 
thymine with unlabeled carrier thymine. 


molecule for localization of the isotopic labels (25). As a result, con- 
siderable experimental error is unavoidably involved, but from the results 
it is indicated that appreciable loss of the hydrogen of formaldehyde took 
place. Any direct utilization of a dideuterio-radiocarbon intermediate 
for biosynthesis of the methyl group would be masked by the experimental 
error involved in assaying for very low deuterium and radiocarbon con- 
tents. The results of the degradation of the thymine indicated that at 
least 70 per cent of the radioactivity was localized in the methyl group, 
with only small amounts of activity possibly residing in the carbons of the 
pyrimidine ring. This is in accord with the very low activity found in 
the DNA cytosine (Table III) and with the degradation values reported 
by Totter, Volkin, and Carter (48), who accounted for 70 per cent of the 
C™ activity in the methyl group of thymine, isolated after formate-C™ 
administration, but were unable to account for the remaining activity in 
the pyrimidine ring, and with the results of Elwyn, Weissbach, and Sprin- 
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son (33) who accounted for 90 per cent of the C“ activity, following f-la- 
beled serine administration, in the derivative prepared from the thymine 
methyl group. Elwyn and Sprinson (52) have shown that when serine, 
labeled in the 8 position with radiocarbon and deuterium, served as a source 
of the thymine methyl group, approximately 1.5 hydrogen atoms accom- 
panied the B-carbon atom. Thus, formate was not an obligatory inter- 
mediate. 

The réle of formate and of formate precursors as sources of carbons 2 
and 8 of nucleic acid purines has been repeatedly demonstrated (7, 53, 54). 
Since the hydrogen atoms bound to carbons 2 and 8 of adenine and to carbon 
8 of guanine are known to be stable chemically (55), it might be expected 


TABLE V 
Incorporation of Formaldehyde-C™, D2 into Nucleic Acid Purines 





























i D:C*in 
Radiocarbon Deuterium D:C C2 and Cst 
Compound* - = din _ 
(4) (B) (F) | aldehyde 
atom 
-p.m. to 
mice Ciond| 200 cmt | cont excess |X 10° 
Cs X 108 molecule \** C2 and Cst 
RNA adenine.................... 4.2 0.053 0.132 3.1 0.32 
See arin od oad eas 4.4 0.012 0.060 1.4 0.14 
fe eee 2.4 0.023 0.057 2.4 0.25 
ee I ios dc 00Sic ase ce Sieotiee's 3.1 0.019 0.095 3.1 0.32 





* Isolated purines were diluted for analysis with unlabeled carrier material. 
¢ Cz and Cg of adenine or Cs of guanine. 


that, if the formaldehyde-C",D, were incorporated into purines via for- 
mate, each atom of radiocarbon would be accompanied by an atom of 
deuterium. This would lead to a ratio of (D:C™ in Cz and in Cs of adenine 
and in Cs of guanine) to (D:C™ in administered formaldehyde) of 1.0. A 
smaller ratio might then be indicative of a labile carbon-bound hydrogen 
in one or more of the intermediates in the steps leading from the adminis- 
tered formaldehyde to the nucleic acid purines or of the existence of isotope 
selection between the molecular species in these steps. The contribution 
of the formaldehyde-C" , D, to the other purine precursors (CO; and glycine) 
would be expected to be insignificant. However, the results, summarized 
in Table V, indicate that an unexpectedly extensive dilution of the deu- 


terium, relative to the radiocarbon, had occurred and that the order of | 
magnitude of this dilution exceeded any predictable isotope selection effect. , 


Possibly through a reversible reaction between formyl and hydroxymethy! 
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compounds, extensive equilibration may have taken place prior to purine 
formation. Conceivably the loss could have occurred in subsequent me- 
tabolism of the purines or their derivatives. Elwyn and Sprinson (52) have 
since reported a similar finding after the administration of formate-C™,D 
and serine-3-C“,D. From their data, ratios of (D:C" in Cz and in Cs of 
adenine and in Cs of guanine) to (D:C" in the administered compound) of 
about 0.16 to 0.48 in the RNA adenine and 0.14 to 0.59 in the DNA ade- 
nine may be calculated, values which are in good agreement with the ex- 
tent of dilution reported here. 

Although the methyl group of thymine and the carbons 2 and 8 of the 
nucleic acid purines are known to arise from the same 1-carbon inter- 
mediates, evidence has been accumulating to suggest a bifurcation in the 
pathway leading to these compounds. Totter (56) has found differences 
in the utilization of formate, as a precursor of thymine as compared to 
purines, in his studies with bone marrow preparations in the presence of 


| amethopterin. Further evidence for this divergence has been reported 
| by Barclay, Garfinkel, and Stock (57), Herrmann, Fairley, and Byerrum 
| (51), and Balis and Dancis (58). Each of these studies had dealt with 


the quantitative incorporation of radiocarbon from formate or methionine 
into thymine and purines. In the present study, the different fates of the 
hydrogen atoms attached to the 1-carbon intermediate reaching the purines 
and the methyl] carbon of thymine substantiate the existence of alternative 
pathways and provide further evidence fora qualitative difference (52). 


The authors wish to express their appreciation to Dr. Vincent du Vig- 
neaud for his continued interest and counsel. They are also indebted to 


Dr. David Fukushima and Dr. Edward J. Kuchinskas for the deuterium 
analyses. 


SUMMARY 


Labeled formaldehyde, a mixture of CD,O and CH,0, has been studied 
as a precursor of the methyl groups of choline and creatine, of the methyl 
group of thymine, and of the 2- and 8-carbon atoms of nucleic acid purines. 

A determination of the ratio of (D:C" in the methyl groups) to (D:C™“ 
in the administered formaldehyde) indicates that the formaldehyde was 
not utilized per se, but was apparently first converted to formate or a for- 
mate-like intermediate. 

A similar determination of the ratio of (D:C™ in Cz and in Cx of adenine 
and in Cs of guanine) to (D:C" in the administered formaldehyde) suggests 
that utilization for the 2- and 8-carbon atoms of purines is via an inter- 
mediate bearing a hydrogen atom of considerable lability. 

The possible influence of isotopic selection on the results is discussed. 
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The biochemical origin of those steroids containing 19 carbon atoms 
(Ci) has never been fully elucidated, although various experiments point 
to the Ca steroids. For example, progesterone (1), A'®-dehydroprogester- 
one (2), and deoxycorticosterone (3) were found by bioassay to be weakly 
androgenic. 17a-Hydroxyprogesterone gave equivocal results (2). Del 
Greco et al. (4) found that feeding 17-hydroxysteroids to female rats gave 
an increase in urinary 17-ketosteroids, whereas the compounds with the 
17-hydroxy! missing had no effect. Following the oral administration of 
hydrocortisone to a patient with Hodgkin’s disease, Burstein et al. (5) iso- 
lated increased amounts of the following Cys steroids: etiocholane-3a, 11f- 
diol-17-one, A®: ''-etiocholene-3a-ol-17-one, and _ etiocholane-3a-ol-11 ,17- 
dione. Riegel et al. (6) and Gallagher et al. (7) reported that mice injected 
intraperitoneally with progesterone-21-C™ were able to remove part of 
the radioactive carbon and excrete it in the expired air as C“O,. As 
demonstrated by Axelrod and Miller (8), these conversions could be due 
to degradative reactions in the liver and not related to biosynthesis of 
androgens in the testis. 

In this report it is demonstrated that rat testis can remove the side 


chain from progesterone in vitro and form testosterone and A‘-androstene- 
3,17-dione. 


EXPERIMENTAL 


The preliminary preparation of the rats which furnished testicular tissue 
differed from experiment to experiment. In all cases, however, the rats 
were injected with chorionic gonadotropin! for several days before sacrifice 


* This work was supported in part by research grants from the National Cancer 
Institute of the National Institutes of Health, United States Public Health Service, 
from the American Cancer Society upon recommendation of the Committee on 
Growth of the National Research Council, and from Armour and Company, Chicago, 
Illinois. 

¢ Damon Runyon Research Fellow. Present address, Roswell Park Memorial 
Institute, Buffalo 3, New York. 

1A. P. L. chorionic gonadotropin was generously supplied by the Ayerst Labora- 
tories, New York 16, New York. 
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to increase the volume of interstitial cells. The details will be described 
in connection with the results of each study. 

When the incubations were to be carried out, the animals were sacrificed 
by decapitation, the testes quickly excised, and the capsule removed. In 
some experiments the soft gelatinous mass was readily teased apart into 
numerous small particles. In others the tissue was homogenized in a glass 
homogenizer with known volumes of the serum-buffer mixture used for 
incubation. 

Two types of progesterone were used: progesterone-4-C™ (500,000 
c.p.m. per umole) and progesterone-21-C™ (600,000 c.p.m. per umole). 
The dry steroid was dissolved in 0.2 ml. of propylene glycol or 0.05 ml. of 
ethanol in 125 ml. glass-stoppered Erlenmeyer flasks. Bovine serum was 
mixed with an equal volume of either Krebs-Ringer bicarbonate or phos- 
phate buffer, pH 7.3 to 7.4, and 25 ml. were added to each flask. Except 
when otherwise noted, the serum-buffer mixture also contained the fol- 
lowing concentrations of cofactors: 0.04 m nicotinamide, 0.35 mm diphos- 
phopyridine nucleotide, 0.31 mm adenosine triphosphate, and 0.4 mm 
fumaric acid. The flasks were filled with 95 per cent O2-5 per cent CO, 
unless otherwise specified, tightly stoppered, and incubated in a water 
bath for 3 hours at 34°. 

Preparation of Extracts for Chromatography—The lipide fractions were 
obtained by extracting the incubation mixtures four times with equal vol- 
umes of ethyl acetate. The extracts were washed with saturated sodium 
bicarbonate solution and water, and the solvent was removed under a 
gentle stream of air. The fat was removed by partitioning between hex- 
ane and 70 per cent ethanol or by chromatography on silica gel (The 
Davison Chemical Corporation, 60 to 200 mesh). In the latter case the dry 
extract was dissolved in 10 ml. of a mixture of ethyl acetate and hexane 
1:4 (some water-soluble solid would not dissolve, but it was found better 
to leave it since there was no significant radioactivity in the residue) and 
passed through a column 11 mm. in diameter, containing 4 gm. of silica 
gel. This was followed by 5 ml. of the same solvent mixture and then by 
10 ml. of a mixture of ethyl acetate and methanol 1:1. Receivers were 
changed when the second mixture was added. The solvent was removed 
under a stream of air or nitrogen. 

Paper Chromatography—The partially defatted extract was chromato- 
graphed by the Bush technique (9). Three solvent systems were used. 
In one, Skellysolve C was the moving solvent ud 85 per cent aqueous 
methanol the stationary phase (C/85); in another, a mixture of 1 part 
benzene and 2 parts Skellysolve C was the moving solvent and 80 per cent 

aqueous methanol the stationary phase (BC/80); in a third, benzene was 
the moving phase and 55 per cent aqueous methanol the stationary phase 
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1 (B/55). Known steroids were run concomitantly, either on parallel strips 
or mixed directly with the sample, to determine the relationship of the 
d radioactive peaks to these compounds. Since all the compounds used in 
n the experiments contained the a,8-unsaturated ketonic structure in ring A 
° of the nucleus, their position could be determined by their absorption of 
is ultraviolet light in the region of 240 mu. 
. The strips on which the radioactive material had been chromatographed 
were first scanned with a thin window Geiger counter and then cut into 
10 pieces from 7 to 35 mm. in length, which were then counted in a window- 
). less gas flow counter. 
of Experiment 1—Sprague-Dawley rats weighing 225 to 250 gm. were hypo- 
aS physectomized.? The testes were permitted to atrophy for 3 weeks, and 
adi the rats were then injected subcutaneously with 100 i.u. of chorionic 
pt gonadotropin daily for 2 weeks. This treatment produced testes with 
i1- large masses of active interstitial cells, but only atrophic seminiferous 
- tubules. 2 gm. of testes were incubated with 1 umole of progesterone-4-C™ 
1M in serum-bicarbonate buffer. The fat was removed from the ethyl acetate 
Oz extracts by chromatography. Two controls were run. One contained no 
‘er testicular tissue and the other contained tissue, but was boiled prior to the 
incubation. Initial chromatography was in the BC/80 system (Fig. 1). 
ere | A pronounced peak at 150 to 185 mm. (the testosterone area) was found, 
ol- | whereas no peak was evident in the controls. 
am When the material eluted from the 150 to 185 mm. region was chromato- 
rf @ | graphed a second time in the BC/80 system, there was evidence of two 
€X- | substances having nearly the same Rr (Fig. 2, a). That the material was 
The } not homogeneous was evident when the moving phase was allowed to flow 
dry | 4 times as long a time as required for it to reach the bottom of the paper 
ane } (overrun four times) (Fig. 2,b). There was a marked peak in radioactivity 
tter | corresponding to testosterone which, when chromatographed again, ap- 
and peared nearly "pure (Fig. 2, c). 
lica The material from 160 to 210 mm. of Fig. 2, a was treated with acetic 
1 by anhydride and pyridine overnight at room temperature. Testosterone 
vere | acetate was added to the product, and the mixture was chromatographed 
ved | in the C/85 system. The major portion of the radioactivity moved with 
the added testosterone acetate (Fig. 2, f). The shoulder in the curve of 
ato- | Fig. 2, b was partly accounted for by 17a-hydroxyprogesterone, for a sec- 
sed. | ond chromatography of this material now gave a peak corresponding in 
eous | position to that of this compound added as internal standard (Fig. 2, d). 
part A‘-Androstenedione was not distinguished on the first chromatogram, 
cent | but, when the material from 185 to 290 mm. (Fig. 1) was eluted, mixed 
aul ? Kindly performed by Mrs. Marva Jean Tobler of the Department of Pharma- 
cology. 
KUM 
er | 
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with standard testosterone, androstenedione, and progesterone, and run 
again in the BC/80 system, a peak of radioactivity coincided with the 
added androstenedione (Fig. 2, a). Repeated chromatography finally pro- 
duced nearly pure radioactive androstenedione (Fig. 2, e). 

These were not the only compounds formed. As may be seen in Fig. 1, 
there was a large peak of activity at the origin. (The smaller peaks as- 
sociated with the controls are due to irreversible adsorption.) When 
this material was chromatographed in benzene-55 per cent methanol, most 
of the activity moved more slowly than did Compound F (cortisol). 
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Fic. 1. Experiment 1. Chromatography in BC/80 of 1 umole of progesterone in- 
cubated with 2.1 gm. of testis (——), with no testis tissue (- - --), and with boiled 
testis tissue (—-—-—-— ). 








Experiment 2—This experiment was designed to discover the fate of the 
side chain. Normal immature Sprague-Dawley rats weighing 100 to 125 
gm. were injected subcutaneously with 100 i.u. of chorionic gonadotropin 
daily for 1 week and then with 200 i.u. for 1 week. 3 gm. of testicular 
tissue were incubated with 1 umole of progesterone-21-C™ in 25 ml. of 
serum-phosphate buffer. The gas phase was air. The incubation mixture 
was acidified with 1 ml. of 6 N sulfuric acid and placed in boiling water 
for 5 minutes to precipitate protein. The solid was separated by cen- 
trifugation and washed once with water. The supernatant fluid and 
washing were combined and steam-distilled, water being added dropwise 
to keep the volume constant at approximately 25 ml., until 125 ml. were 


collected. The distillate was made alkaline to litmus with barium hy- | 


droxide and concentrated at reduced pressure. An aliquot was plated for 
radioactivity 
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The main portion was analyzed for formic acid by being transferred to a 
small flask which was connected through a reflux condenser to a sodium 
hydroxide trap. 0.1 N potassium permanganate was added, and the flask 
was heated in boiling water for 10 minutes. 2 drops of potassium per- 
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Fig. 2. Experiment 1. a, chromatography in BC/80 of material eluted from 150 to 
185 mm. (solid line) and from 185 to 290 mm. (dash line) of the chromatogram of the 
extract from the incubation with living testis tissue in Fig. 1. 6, the material from 
160 to 210 mm. of both chromatograms in (a) was eluted, and a portion of it was 
“overrun four times’ in C/85 (see the text). c, the material from 135 to 160 mm. of 
(b) was eluted and again ‘‘overrun four times” in C/85. d, the material from 160 to 
195 mm. of (b) was treated as in (c). e, the material from 235 to 285 mm. of (a) was 
eluted and chromatographed in C/85. f, a portion of the eluate from 160 to 210 mm. 
of (a) was acetylated and chromatographed in C/85. The known compounds, the 
positions of which are indicated by the thin vertical lines enclosing numbers, are 
(1) At-androstene-3,11,17-trione, (2) testosterone, (3) 17a-hydroxyprogesterone, (4) 


6-ketoprogesterone, (5) A‘-androstene-3,17-dione, (6) progesterone, and (7) testos- 
terone acetate. 
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manganate were sufficient for the control, which contained no testis tissue, 
while 0.5 ml. was needed for the sample. Heat was removed, and 2 ml. of 
0.5 N hydrochloric acid were added. The flask was again immersed in 
warm water, and nitrogen was bubbled through the liquid. The carbon 
dioxide was trapped, precipitated as barium carbonate, and counted. 

The results of the experiment are summarized in Table I. Small 
amounts of carbon dioxide were formed from Cx. Much more of the 
radioactivity, however, was found to be steam-distillable from acid solu- 
tion, but not after alkalization. A small amount appeared to be formic 
acid, but the major portion was not oxidized to CO» by potassium per- 
manganate. 

Experiment 3—In this experiment an attempt was made to estimate the 
extent to which Cig compounds were formed in the incubation procedure. 
Both progesterone-4-C" and progesterone-21-C" were incubated with 


TABLE I 
Formation of Formic Acid and Other Steam-Distillable Acid from Side Chain 
of 1 umole (600,000 C.p.m.) of Progesierone-21-C™ 
The amount of radioactive product is given in counts per minute. 

















| 
Tissue Total steam distillate HCOOH 
MEE oS ices nas head wale eat ens 24,100 | 1660 
AE Cr en ne 4,100 0 








testis tissue from rats similar to those used in Experiment 2, and the in- 
cubation was carried out in the same way, except that only the tissue from 
two testes, about 1.5 gm., was used in each flask. Both cell suspensions, 
produced by violently shaking teased testis tissue, and homogenates served 
as sources of enzymes. 

After incubation, the contents of the flasks were made alkaline by the 
addition of 1 ml. of 2.6 xn NaOH and immediately extracted with ethyl 
acetate. The alkaline solution was then neutralized, heated in boiling 
water for 5 minutes, and the flocculent protein precipitate centrifuged and 
washed with 25 per cent ethanol. The supernatant solution and washes 
were combined. Aliquots of the ethyl acetate extract and of the combined 
supernatant fluid were plated, and the radioactivity was determined. The 
protein precipitate was thoroughly homogenized in 25 ml. of water and 
also plated for radioactive count. The total recoveries and the distribu- 
tion of the counts are tabulated in Table IT. 

When progesterone-4-C“ was the substrate, over 95 per cent of the 
radioactivity was in the ethyl acetate extract. The small amounts re- 
majning in the aqueous and protein fractions probably represent the error 
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involved in the extraction procedure, since the amounts found in these 
fractions in Flask 5, containing no testis tissue, were similar. When, how- 
ever, progesterone-21-C™ was the substrate, the radioactivity after in- 
cubation was about equally divided among the ethy] acetate and the other 
fractions. If the excess isotope in the aqueous and protein fractions over 
that found in the same fractions after incubation of progesterone-4-C™ is 
taken as a measure of the total splitting of the side chain, the value is 49 
per cent, which is almost half. Since the total counts recovered equal 
those added, within the error of the procedure, it appears that approxi- 


TABLE II 


Distribution of Isotope after Incubation of Either Progesterone-21-C or 
Progesterone-4-C™ with Testis Tissue 

















| 5 Radioactivity in fractions Total 
Flask Tissue* S {Position 
No issue % | of cu 
: Ethyl A 3 In- \- 
gz an soutien Protein ppt. odanet omnis 
umole c.p.m. = c.p.m. = c.p.m. fav8 c.p.m. c.p.m. 
1 Testis sus- [0.5 | C-4 |344,400/95.2| 8,000) 2.2) 9,650) 2.6 347 , 500/362, 100 
pensions 
2 - e 0.5 | C-21 |173, 800/51 .9/136, 800/40.8/24, 750) 7.4 1338, 500/335, 350 
3 a * 0.5 | C-4 |335,150/95.7| 10,200) 2.9) 4,750) 1.4 347 , 500/350, 100 
4 - - 0.15) C-21 | 51,300)46.0| 50, 750/45.5| 9,450) 8.5 |110, 550/111, 500 
5 None 0.5 | C-4 |327,400)96.0) 8,800) 2.6) 5,150) 1.5 |347, 500/341, 350 
6 Homogen- (0.5 | C-4 /|333,050/96.0) 6,100) 1.8! 4,750) 1.4 |347, 500/343, 950 
ates 



































* Tissue from two testes used in each flask. 


mately 50 per cent of the progesterone molecules was converted into Cy, 
compounds in 3 hours. 

The ethyl acetate extracts were then submitted to solvent partition to 
remove fat and were chromatographed on paper in the C/85 system. The 
original chromatograms did not show good separation because of overload- 
ing, but, when the chromatography was repeated in the same system, three 
distinct spots absorbing ultraviolet light appeared, one in the 17a-hy- 
droxyprogesterone-testosterone region, one with an Rp, similar to that of 
A‘-androstene-3 , 17-dione, and one with the same Ry as progesterone. ll 
three spots showed peaks of radioactivity in the chromatograms of Flasks 
1,3, and 6 of Table II, but only the 17a-hydroxyprogesterone-testosterone 
and progesterone spots on the chromatograms of Flasks 2 and 4 wereactive. 

The area from Flask 6 corresponding to androstenedione was then eluted 
and submitted to recrystallization with 11.18 mg. of androstenedione 
added as carrier. After a fall during the first recrystallization, the radio- 
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activity became constant during subsequent recrystallizations (Table III). 
This further established this steroid as a product of the metabolism of pro- 
gesterone by testis tissue. 

The 17a-hydroxyprogesterone-testosterone peaks were eluted and acety- 
lated. In the case of Flasks 1 and 3, two radioactive peaks were obtained, 


TaBLeE III 


Effect on Specific Activity of Repeated Crystallizations of Fractions from 
Chromatograms with Added Carriers 
































| Added carrier [Specific activity, c.p.m. per mg. 
Flask No. —— | a “ " 
! i- lli- lli- 
Compound Amount {Crystal (Copealt(Coytal 
mg. “ 
6 C-4 A‘-Androstene-3, 17-dione 11.18 414 218 213 
4 C-21 17a-Hydroxyprogesterone 7.07 292 292 
6 C-4 oe 10.48 281 233 250 
6 C-4 Progesterone 10.61 702 715 
TABLE IV 


Proportion of Radioactivity in Various Peaks Associated with Specific Compounds 
As Per Cent of Summed Activities of Peaks (Experiment 3) 





| 
Flask 3; slices testis | Flask 6; homogenate testis 











Area due to 
Progesterone-4-C™4 
17a-Hydroxyprogesterone............. 3.6 | 7.0 
A‘-Androstene-3,17-dione.............. 21.2 6.7 
Progesterone. .........02...csceceneees 45.3 | 73.7 
Testosterone acetate* ................ 29.9 0 
Low polarity unknown ............... 12.6 





* Radioactivity moved from the 17a-hydroxyprogesterone-testosterone spot to 
the testosterone acetate spot on acetylation. 


12 per cent with unchanged R, and 88 per cent with an Ry in the region of 
testosterone acetate. In the fractions from Flasks 2, 4, and 6, only one 
peak of radioactivity appeared similar in Ry to that before acetylation. 
The areas from Flasks 4 and 6 were eluted and subjected to recrystalliza- 
tion with added 17a-hydroxyprogesterone. A constant specific activity 
was obtained after a small decrease on the first recrystallization. 

In Table IV the distribution of radioactivity among the major peaks 
appears for Flasks 3 and 6. Both contained progesterone-4-C™, but Flask 
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6 contained homogenate as a source of the enzymes. As already men- 
tioned, in Flask 6 there was no evidence of a conversion of any of the radio- 
active material in the 17a-hydroxyprogesterone-testosterone spot to tes- 
tosterone acetate on acetylation. Thus apparently testosterone was not 
formed by this homogenate during the incubation. While both 17a-hy- 
droxyprogesterone and A‘-androstene-3,17-dione were identified by re- 
crystallization to constant count, the conversion of progesterone to these 
compounds was considerably reduced. Instead, significant amounts of a 
compound less polar than progesterone appeared. It seems, then, that 


this preparation was not equally able to carry out the changes produced by 
the teased tissue. 


DISCUSSION 


Both androstenedione and testosterone appear to be formed from pro- 
gesterone by testis tissue previously stimulated in vwvo with chorionic 
gonadotropin. A peak of radioactivity moved with the same R, as tes- 
tosterone in two solvent systems and on acetylation moved like testoster- 
one acetate. The evidence for the formation of androstenedione is even 
more convincing. A radioactive component of the extracts had the same 
Ry as androstenedione in two solvent systems, and reached constant spe- 
cific activity after one recrystallization with known A‘-androstene-3 , 17- 
dione, A spot with the same FR, in two systems, and absorbing ultraviolet 
light in the region of 240 my wave-length, but without radioactivity, was 
obtained when progesterone-21-C" was incubated with testis tissue. 

The formation of 17a-hydroxyprogesterone also seems well established. 
In chromatograms from several incubations there was a radioactive peak 
which moved in two solvent systems like 17a-hydroxyprogesterone and did 
not change in character after treatment with acetic anhydride and pyridine. 
When either progesterone-21-C" or progesterone-4-C™ was the substrate, a 
radioactive spot with these characteristics was obtained which gave con- 
stant specific activity when recrystallized from one solvent system. 

The fate of the side chain carbon atoms from the steroid molecule during 
the conversion of C2; to Ciy compounds is interesting, as it may point to 
the mechanism of the degradative reaction. The side chain might be re- 
moved in toto as a 2-carbon fragment or it might be degraded 1 carbon at a 
time, producing only a 1-carbon fragment. Condensations of these prod- 
ucts are, of course, not excluded. However, the evidence (Table I) points 
to the first alternative as the major pathway. The small amounts of for- 
mate found are probably the result of further metabolism of the 2-carbon 
unit by the testicular cells. 

There are two possible routes for the conversion of 17a-hydroxypro- 
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gesterone to the Cy) compounds by splitting off a 2-carbon fragment: either 
the side chain is split off by an oxidative reaction leading to A‘-androstene- 
dione and this in turn is reduced to testosterone, or the side chain is split 
off by a hydrolytic reaction and the A‘-androstenedione is formed from 
testosterone by a subsequent oxidation. In support of the former reaction 
is the observation that the testes of a number of species contain an enzyme 
which will reduce androstenedione to testosterone.* Also supporting this 
hypothesis is the observation that in Experiment 3 the homogenate formed 
androstenedione but no detectable testosterone. 

The series of reactions, shown here as taking place in the testis, com- 
pletes the sequence from a precursor known to be present in testis tissue, 
A5-pregnen-38-ol-20-one (10), to the known active compounds demon- 
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strated to be secreted into the spermatic vein blood in at least two species, 
testostcrone and A‘-androstene-3,17-dione (11, 12). The presence of a 
36-ol dehydrogenase which would convert pregnenolone to progesterone 
had already been reported by Samuels eé al. (13) (Diagram I). 

Thus it is now possible to demonstrate, in all the tissues known to be 
involved in non-benzenoid steroid hormone synthesis, enzymically cata- 
lyzed sequential reactions whereby the characteristic non-benzenoid hor- 
mone of each tissue is formed from one common precursor, A5-pregnen-38- 
ol-20-one. In the corpus luteum and placenta, in which progesterone is 
apparently the major non-benzenoid hormone secreted, the 38-ol dehydro- 
genase already demonstrated to be present (13) would lead to the formation 
of the hormone. In the adrenal cortex the actions of the 38-ol dehydro- 
genase (13), the 17- (14), 21- (15), and 11-hydroxylases (16, 17), all demon- 
strated to be present, explain the formation of the major hormones, except 


3. T. Samuels, unpublished results. 
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aldosterone, secreted into the adrenal vein blood. Lastly, in the present 
work the sequence leading to the testicular hormones has been demon- 
strated. 

It is quite significant that there is one common precursor, that the 38-ol 
dehydrogenase plays a basic réle, and that the various endocrine organs in- 
volved differ, not in the sequence of the reactions catalyzed, but in the 
preponderance of certain enzymes: the side chain-splitting enzyme in the 
testis, the hydroxylases in the adrenal, and the 38-ol dehydrogenase in 
the corpus luteum and placenta. The qualitative similarity may be re- 
lated to the embryological origin of all of these tissues in the region of the 
genital ridge, and the quantitative differences are probably associated with 
the further differentiation of the cells. 


We wish to thank Mrs. Barbara K. Samuels for much of the analytical 
work in connection with Experiment 3, Dr. Walter G. Wiest for the radio- 


activity measurements, and Mr. NormanR. Masonfor the recrystallization 
studies. 


SUMMARY 


Incubation of isotopically labeled progesterone with homogenates or 
slices of testes from hypophysectomized or immature rats injected with 
chorionic gonadotropin led to the production of 17a-hydroxyprogesterone, 
At-androstene-3 ,17-dione, and testosterone. Since the presence of an en- 
zyme which would convert A5-pregnen-36-ol-20-one, isolated from testis 
tissue by Ruzickaand Prelog (10), to progesterone had already been demon- 
strated in such tissue, the sequence of reactions leading from an inactive 


C steroid known to be present in testis tissue to the known secretory 
products is indicated. 
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It has been known for some time that rickettsiae can oxidize certain 
substrates. Although typhus rickettsiae displayed a rapid oxygen uptake 
only in the presence of glutamate (1), there were indications that the oxi- 
dative reactions involved at least some of the intermediates of the Krebs 
cycle (2-4), and this supposition was strengthened by the finding that the 
closely related spotted fever organisms showed equally rapid oxygen up- 
take with fumarate, pyruvate, malate, a-ketoglutarate, and succinate (5). 
Since in most organisms the chief function of these oxidations appears to be 
the transfer of oxidative to phosphate bond energy, the question naturally 
arose as to whether such a process also took place in the rickettsiae. Early 
attempts to demonstrate oxidative phosphorylation by typhus rickettsiae 
were unsuccessful, although it did appear that the presence of inorganic 
phosphate was required for maintaining the maximal rate of oxygen uptake 
(2). Price (5) mentioned a similar phosphate dependence in the oxidation 
of certain substrates by the spotted fever rickettsiae and an occasional 
aerobic phosphate uptake; however, no experimental details were given. 
Recently it has been possible, under suitable conditions, to observe the 
formation of ATP' from ADP and a net uptake of inorganic phosphate 
during the oxidation of glutamate by the Madrid E strain of typhus rick- 
ettsiae. The observed phosphate uptake was small, the P:O ratio being 
rarely greater than 0.3, but it is regularly observed in the presence of 
DPN, CoA, ADP, hexokinase, and glucose, in addition to glutamate and 
phosphate. 


*This work was supported by a research grant from the Division of Research 
Grants, National Institutes of Health, United States Public Health Service 
(E-167C4). 

1 The following abbreviations will be used: diphosphopyridine nucleotide, DPN; 
triphosphopyridine nucleotide, TPN; coenzyme A, CoA; glutathione, GSH; 2,4- 
dinitrophenol, DNP; glucose-6-phosphate, G-6-P; adenosine triphosphate, ATP; 
adenosine diphosphate, ADP; inorganic phosphate, P;. 
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EXPERIMENTAL 


Preparation of Rickettsiae—The Madrid E strain of typhus rickettsiae 
was grown as usual in the yolk sacs of embryonated eggs (6). At the time 
of harvest the infected yolk sacs were homogenized for 1 minute in a 
Waring blendor with 1 volume of a solution containing 0.118 m KCl, 0.0072 
mM NaCl, and 0.01 m phosphate, pH 7. The 50 per cent yolk sac suspen- 
sion was generally rapidly frozen and stored at —70°. For purification it 
was thawed, diluted with 1 volume of the same salt solution, and centri- 
fuged for 45 minutes at 3500 X g in an angle centrifuge. The precipitate 
was resuspended in 0.22 m sucrose, containing 0.01 m phosphate, pH 7, 
and 0.6 per cent bovine serum albumin, treated with Celite (Johns-Man- 
ville, analytical filter aid) with approximately 1 gm. for each 6 gm. of 
original yolk sac, and centrifuged at 500 X g for 10 minutes. The super- 
natant fluid was centrifuged at 3500 X g for 1 hour, and the rickettsiae 
were again resuspended in the sucrose-albumin solution and centrifuged 
alternately at low and high speeds. The final precipitate containing the 
rickettsiae was resuspended in sucrose-phosphate at a concentration corre- 
sponding to 4 gm. of original yolk sac per ml. and stored at —70° until 
used. Most of the preparations contained between 8 and 12 mg. of pro- 
tein per ml., estimated by the method of Lowry et al. (7). The entire 
procedure was carried out at 0-5°. 

Preparation of Normal Yolk Particles—For use in certain control experi- 
ments, yolk sacs from normal eggs of the same age as the infected eggs were 


collected and fractionated by the same procedure as used above with in- | 
fected yolk sacs. Since the complete purification procedure yielded only | 


a small amount of material from normal eggs, the second treatment with 
sucrose-albumin was usually omitted in preparing the normal yolk par- 
ticles. 

Materials—DPN and TPN were obtained from the Sigma Chemical 
Company and were stated to be 90 per cent pure. ADP and ATP as the 
sodium salts and coenzyme A were obtained from the Pabst Laboratories. 
The bovine serum albumin used was Armour’s Fraction V, since the crystal- 
line material was found to contain inhibitory substances. It was heated 
to 56° for 1 hour before use. Hexokinase was prepared according to Berger 
et al. (8) to Step 3. Glucose-6-phosphate dehydrogenase was prepared 
according to Kornberg (9). 

Measurement of Oxygen Uptake and Phosphorylation—The oxygen up- 
take was measured, by the usual Warburg method, in flasks of approxi- 
mately 10 ml. total capacity. Each flask contained in a volume of 1.5 ml. 


the following constituents, in micromoles: potassium phosphate, pH 7, 10; , 
KCl, 131; glutamate, 14; MgCle, 1.5; MnCle, 0.08; CaCl., 0.02; GSH, 0.5; | 


glucose, 35; ADP, 4; also present were 0.27 mg. of DPN, 0.1 mg. of CoA, 
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and 0.2 ml. of rickettsiae. The ADP, hexokinase, and glucose were added 
from the side arm after temperature equilibration. Alterations from these 
standard conditions are indicated in Tables I to V. 

The oxygen uptake was followed for the desired time interval, then 0.4 
ml. of 10 per cent perchloric acid was added to each reaction vessel. The 
contents were chilled, centrifuged, and the supernatant fluids either ana- 
lyzed directly for inorganic phosphate by the Fiske-Subbarow method (10) 
or neutralized with KOH to remove perchlorate before analysis for G-6-P. 


TABLE I 


Formation of Glucose-6-phosphate during Oxidation of Glutamate by Madrid E Strain 
of Typhus Rickettsiae in Presence of ADP, Hexokinase, and Glucose 





























Repginent py Conditions i Oz uptake pe P:O* 
mg. min. microatoms | microatoms 

1 1.9 Standard 94 7.93 1.98 0.22 
DPN and CoA omitted 94 6.17 1.01 0.13 

Glutamate omitted 94 1.36 0.38 

KCN, 10-4 m added | 94 | 0.0 0.23 
2 1.9 Standard | 88 | 5.84 | 2.07* | 0.35 
| “ | 179 | 10.8 | 4.38* | 0.40 
3 2.4 | “ | 84 | 7.85 | 2.00* | 0.25 
| a | 158 14.1 | 3.60* | 0.25 
| Pi, 3.7 wmolest | 158 | 13.2 | 2.30* | 0.14 
4 | Standard 94 7.79 | 2.72* | 0.35 
| ADP, 2 umolest | 94 | 8.78 | 1.90* | 0.22 








The constituents present under the standard conditions are indicated in the text. 

* These values for glucose-6-phosphate formation are corrected for that formed 
in the presence of cyanide. For calculation of the P:O ratio, all the values were so 
corrected. 


+ The standard reaction mixture contained 9 umoles of inorganic phosphate and 
4 umoles of ADP. 


The G-6-P was estimated by reduction of TPN in the presence of glucose- 
6§-phosphate dehydrogenase as described by Kornberg (11). Control mix- 
tures were also analyzed for P; and G-6-P at the start of the reaction period. 


Results 


It was found, as reported in Table I, that, when rickettsiae oxidize 
glutamate in the presence of ADP, hexokinase, and glucose, readily de- 
tectable amounts of G-6-P are formed. For maximal formation of G-6-P, 
the presence of DPN, CoA, and fairly high concentrations of both ADP 
and inorganic phosphate, in addition to glutamate, are required. KCN at 
a concentration of 10 m, which completely inhibits the oxygen uptake, 
reduces the G-6-P formation to a very low value. The high concentrations 





356 PHOSPHORYLATION OF TYPHUS RICKETTSIAE 


of ADP required were surprising, especially since such concentrations mark- 
edly inhibited the rate of oxygen uptake. Even under optimal conditions 
the P:O ratios were low, in the range of 0.2 to 0.3. This was not due to a 
rapidly decreasing rate of phosphorylation during the relatively long reac- 
tion periods, since G-6-P formation continued as well between 1} and 3 
hours as during the first 1} hours (cf. Experiments 2 and 3, Table I). 

In view of this small degree of phosphorylation, it was necessary to make 
sure that it was not attributable to some reaction brought about by con- 
taminating yolk material. When normal yolk particles were prepared 
by the same procedure as was used in the preparation of the rickettsiae, 
the small amount of material obtained formed an amount of G-6-P less 
than 5 per cent of that formed by rickettsiae under the same conditions 


TaBLeE II 


Formation of Glucose-6-phosphate from ADP by Normal Yolk Particles in 
Presence of Hexokinase and Glucose 

















Preparation No. |Protein present Conditions — Oxygen nendose formed 

mg. min. | microatom pmoles 

6894 0.36 Standard 157 0.3 0.12 
6763 1.9 ” 94 0.3 0.52 
Glutamate omitted 94 0.0 0.55 

KCN, 10-4 m added 94 0.0 0.51 

6891 5.6 Standard 136 0.5 1.0 
DPN and CoA omitted 136 0.0 0.96 
KCN, 10-4 m added 136 0.0 1.10 














(Table II, Preparation 6894). Higher concentrations of yolk particles, ob- 
tained by omission of the last centrifugation cycle in the purification pro- 
cedure, did form appreciable quantities of G-6-P. Even Preparations 6763 
and 6891 (Table II), in which the protein content was of the same order 
of magnitude or greater than that in the rickettsial preparations, failed to 
form as much G-6-P as did the latter under optimal conditions. There- 
fore, quantitatively, contamination with normal yolk material could not 
account for all of the G-6-P formed in the rickettsial preparations. Quali- 
tatively, the difference between the two was more striking. In complete 
contrast to the behavior of the rickettsial preparations, as seen in Table I, 
the normal yolk particles formed the same amount of G-6-P in the absence 
as in the presence of glutamate or coenzymes, and the reaction was entirely 
uninfluenced by 10-4 m cyanide. 

These results suggest that G-6-P formation by the normal yolk particles 
is due to a myokinase type enzyme; that is, one that converts 2 moles of 
ADP to 1 of ATP and 1 of adenylic acid, whereas G-6-P formation by 
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rickettsiae in the presence of the complete reaction mixture must be due 
largely to oxidative phosphorylation. The small amount of G-6-P formed 
by the rickettsiae in the presence of KCN may be caused by myokinase 
action, possibly contributed by contaminating yolk material. In most ex- 
periments, therefore, the G-6-P formed in the presence of KCN has been 
subtracted from that formed in its absence to give a more accurate esti- 
mate of the amount formed because of oxidation. This appeared prefera- 
ble to a correction based on G-6-P formation in the absence of substrate, 
since rickettsiae do show a small oxygen uptake in the presence of ADP, 
hexokinase, DPN, and CoA with no added substrate. Whether this small 
oxygen uptake, observed only when both ADP and hexokinase are present, 


TABLE III 


Uptake of Inorganic Phosphate during Oxidation of Glutamate by Madrid E Strain of 
Typhus Rickettsiae in Presence of ADP, Hexokinase, and Glucose 























Conditions Oxygen uptake Pi G-6-P AP; 4 G-6-P 
a. microatoms umoles moles pmoles pmoles 
Standard, zero time......... a 10.4 0.0 
° oe ee 13.7 5.53 5.15 —5.19 | 4.838 
CoA omitted. . Nee 13.0 7.03 3.15 —3.69 | 2.83 
DPN and CoA omitted.. ¥ 7.84 9.6 1.61 —1.12] 1.29 
KCN, 10-* m added... aaa 0.0 10.72 | 0.32 | 





The reaction time in this experiment was 146 minutes. A P; represents the dif- 
ference between the inorganic phosphate present in the reaction mixtures contain- 
ing cyanide at the end of the reaction period and that present in its absence. A 
G-6-P represents the difference between the G-6-P formed in the absence of cya- 
nide and that formed in its presence. 


represents endogenous respiration is not known, but the G-6-P formed 
under these conditions is a little higher than that found in the presence of 
cyanide and may include some which should be attributed to oxidative 
phosphorylation. 

With the more active rickettsial preparations, phosphorylation could 
also be observed by measurement of changes in the inorganic phosphate 
concentration (Table III). The uptake of phosphate parallels G-6-P for- 
mation, except that, as would be expected, in the presence of cyanide there 
is an increase in P;, presumably due to contaminating phosphatases. With 
normal yolk preparations the inorganic phosphate increases under all con- 
ditions. If it is assumed that the phosphatases present are unaffected by 
10-* m KCN, as proved to be true in the normal yolk preparations, the 
difference between the inorganic phosphate content of the KCN-containing 
reaction mixtures and those without inhibitor probably gives a better esti- 
mate of the amount of phosphorylation than does the difference between 
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the inorganic phosphate before and after incubation. These corrected val- 
ues agree moderately well with the G-6-P formation observed in the same 
reaction mixtures (Tables III and IV). 

Further study of the factors affecting phosphorylation by the rickettsiae 
indicated that the phosphate uptake was slightly greater at pH 7 than at 
pH 7.5, in spite of a more rapid oxygen uptake at the latter pH. If ADP 
was replaced by adenylic acid or if hexokinase was omitted, no G-6-P 
formation took place. By addition of hexokinase and glucose as well as 
glucose-6-phosphate dehydrogenase and TPN during the usual analysis for 











TaBLe IV 
Effect of Dinitrophenol on Phosphorylation by Typhus Rickettsiae 
DNP concentration Oxygen uptake APi A G-6-P 
M microatoms pmoles pmoles 
0.0 13.7 5.19 4.83 
3 X 10-5 17.3 3.93 3.65 
1 X 104 16.3 1.30 0.66 
0.0 9.55 2.80 3.43 
1 X 10-4 9.78 0.55 0.52 
0.0 12.7 4.74 4.60 
1 X 10-4 15.9 | 0.63 0.72 
0.0 8.16 , 2.84 
3 X 10-5 9.64 1.36 














The reaction mixtures were as given in the text except for the presence of DNP 
where indicated. The reaction times were about 2} hours in all of the above experi- 
ments. A P; represents the difference between the inorganic phosphate in the re- 
action mixtures containing cyanide at the end of the reaction period and that pre- 
sent in its absence. A G-6-P represents the difference between the G-6-P formed 
in the absence of cyanide and that formed in its presence. 


G-6-P, ATP can also be estimated. By this means it was possible to detect 
a small amount of ATP formation by the rickettsiae in the absence of 
hexokinase, but this was much less than the amount of G-6-P formed in 
the complete system. Without hexokinase, the inorganic phosphate up- 
take was also less than one-fifth that observed in its presence. 

Phosphorylation could be prevented nearly completely by 10-* m DNP 
and partially by 3 X 10-' m DNP, without marked effect on the oxygen 
uptake (Table IV). 

During the course of these experiments it became apparent that the 
rickettsiae differ markedly from the mitochondria in the response of their 
rate of oxygen uptake to added ADP, ATP, and DNP. All three com- 
pounds added separately, especially ADP and ATP, lower the rate of 
oxygen uptake, although DNP added with ADP leads to no further de- 
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crease. In fact it may slightly increase the rate (Table V). There is at 
the moment no simple explanation for these rate variations. 

It should be noted that, while addition of ADP does lower the rate of 
oxygen uptake by the rickettsiae, it does not cause any real damage, at 
least not of a permanent nature. Rickettsiae that have been respiring for 
several hours in the presence of sufficient ADP or ATP to lower their rate 
of oxygen uptake by 30 to 40 per cent, show on dilution undiminished 
toxicity, hemolytic activity, and infectivity for eggs.? 


TABLE V 


Influence of Adenine Nucleotides and Dinitrophenol on Rate of Oxygen Uptake 
by Madrid E Strain of Typhus Rickettsiae 








Substance added Concentration Rate of oxygen uptake 
M ul. per hr. 
NS oe uicitie sce pd wie OG Wks cAreCamtaie® GAM 73.6 
| ERT ree ee one 1.3 X 10-3 77.7 
id tins, ing eke ile pk.2 ea N eee eee 1.3 X 10-3 48.5 
Se ee ee eee 1.3 X 10-3 42.9 
Sere meer eee ere ye 64.0 
age ee Peete es ee 1.0 X 10-* 56.2 
____. PRP Sars emery aad recs FoR 2.4 X 10-3 41.8 
OF NE 5's oss Seesicnapreiwea Hae 2.4 X 10-3 
1.0 X nie bea 











In these experiments hexokinase and glucose were omitted from the standard 
reaction mixtures and ADP was added only when indicated. 


DISCUSSION 


The data presented leave no doubt that the rickettsiae can bring about 
phosphate uptake, forming ATP from ADP, during the oxidation of glu- 
tamate, and that the process bears some similarity to that taking place in 
tissues and in other microorganisms in that it can be nearly completely 
prevented by DNP in concentrations that have little effect on the rate of 
oxygen uptake. Qualitatively this ability to bring about oxidative phos- 
phorylation, which is nearly completely prevented by DNP (12, 13), ap- 
pears to offer a further similarity between the rickettsiae and mitochondria, 
which have already been shown to resemble each other in their oxidative 
ability and in their susceptibility to partially reversible damage on freezing 
in the absence of sucrose (14). Quantitatively, however, the two systems 
differ markedly. The P:O ratios observed with the rickettsiae are less 
than one-tenth those observed with suitably prepared mitochondria 
(15-18). Also oxidation by the rickettsiae indicates no dependence upon 


? Bovarnick, M. R., and Allen, E. G., unpublished experiments. 
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the presence of a phosphate acceptor system. It is lowered by addition of 
ADP or DNP rather than increased, as is the rate of oxidation by the 
mitochondria (19-21). 

With respect to ability to phosphorylate, as measured by net changes in 
phosphate, rickettsiae appear to resemble whole cells in the resting state 
more closely than the isolated cell particles. A recent study by Shacter 
(22) of the interrelation between respiration and phosphorylation in Ehrlich 
ascites tumor cells indicated that, while there were a rapid exchange of 
added radioactive inorganic phosphate among the acid-soluble phosphate 
compounds and an uptake of inorganic phosphate from the medium, the 
net phosphate esterification was very small. In one experiment the ester 
plus labile phosphate increased slightly and, from the data given, a P:O 
ratio of approximately 0.5 can be calculated. In another experiment there 
was almost no net change in ester phosphate. Lynen and Holzer (23) have 
studied aerobic phosphorylation in yeast cells respiring after a period of 
fasting, and again the maximal P:O ratio observed was less than 1. This 
was true also with certain strains of Staphylococci that have a phosphate 
uptake associated with oxidation (24). In other organisms no aerobic 
phosphate uptake is observed in the resting state (24). Apparently a high 
net phosphate uptake is not a characteristic of living resting cells, possibly 
due to a dynamic equilibrium between phosphorylative and hydrolytic re- 
actions (25). 

With regard to response to DNP, whole cells vary widely. In all cases 
DNP appears to decrease or eliminate assimilation reactions, but its effect 
on the rate of oxygen uptake varies. It may have no effect or produce 
either acceleration or deceleration at a concentration of 10-4 m (26). 

Thus neither the magnitude of the P:O ratios observed nor the effect of 
DNP on phosphorylation and respiration of the rickettsiae is inconsistent 
with the behavior of a variety of whole cells. It does seem surprising, how- 
ever, that the system used for detection of phosphorylation in these exper- 
iments did lead to glucose-6-phosphate formation. One would expect cells 
to be impermeable to such highly phosphorylated compounds as ADP or 
ATP. Yet in order for the observed reactions to occur, ADP must enter 
the cell, be phosphorylated there to ATP, and the ATP formed must then 
leave the cell in order to react with the hexokinase system. The high con- 
centrations of ADP required for optimal phosphorylation may indicate 
that this process of entry and exit from the cell does not in fact take place 
easily, but is brought about by the somewhat unnatural conditions imposed 
upon the rickettsiae in these experiments. In spite of the fact that it 
proved necessary to use such conditions to obtain detectable phosphate up- 
take, it is safe to conclude that the rickettsiae are capable of converting 
oxidative energy into the more directly useful (27) phosphate bond energy. 
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This finding lends support to the hypothesis that these intracellular para- 
sites, intermediate in size between the bacteria and the viruses, are also 
intermediate in function and capable themselves of performing at least 
some of the reactions required for their own growth. 


SUMMARY 


When the Madrid E strain of typhus rickettsiae oxidizes glutamate in 
the presence of ADP, hexokinase, and glucose, glucose-6-phosphate is 
formed and approximately equivalent quantities of inorganic phosphate 
disappear. The phosphorylation can be increased by addition of DPN 
and CoA, and can be prevented by 10-* m KCN, which completely abol- 
ishes the oxygen uptake, or by 10-* m DNP, which has little effect on the 
rate of oxygen uptake. 
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EFFECT OF AMINOPTERIN ADMINISTRATION ON THE 
METABOLISM OF LIVER AND SMALL INTESTINE 
OF GUINEA PIGS AND RATS* 


By J. J. VITALE, 8. N. GERSHOFFP, L. SINISTERRA,{} D. MARK HEGSTED, 
AND N. ZAMCHECK 
(From the Department of Nutrition, Harvard School of Public Health, the Department 
of Biochemistry, Harvard Medical School, the Mallory Institute of Pathology, 
Boston City Hospital, and the Department of Pathology, Boston University 
School of Medicine, Boston, Massachusetts) 


(Received for publication, October 17, 1955) 


Small amounts of Aminopterin, one of the antifolic metabolites, produce 
gastrointestinal effects such as nausea, vomiting, melena, and diarrhea in 
human beings (1, 2) and destruction of the epithelial elements in experi- 
mental animals (3, 4). A single injection, of 240 y of Aminopterin per 
kilo of body weight had no morphological effect when administered to 
young adult rats, but caused a marked reduction in oxygen uptake by 
gastrointestinal mucosa within 24 hours, followed by degeneration of all 
epithelial elements and subsequent massive hemorrhage into the gastro- 
intestinal tract. Structural changes were always preceded by a decrease 
in oxygen uptake by intestinal mucosa (4). The guinea pig and the rab- 
bit (5, 6) are more resistant to Aminopterin toxicity than is the rat. To 
investigate further the effect of Aminopterin on different animal species, 
the following comparative studies of the effect of Aminopterin on guinea 
pigs and rats were undertaken. 


EXPERIMENTAL 


Young female guinea pigs weighing approximately 250 to 300 gm. were 
fed ad libitum a commercial alfalfa diet to which was added 5 mg. per cent 
of ascorbic acid. They were injected subcutaneously with 240 7 of Amin- 
opterin (lot No. 7-7717)! per kilo of body weight daily for 4 days. Young 
adult female rats weighing approximately 200 gm. were treated identi- 
cally, but were maintained on Purina laboratory chow ad libitum. This 
dose of Aminopterin was chosen since it had been shown to produce severe 


* This investigation was supported in part by grants-in-aid from the National 
Cancer Institute (C-2090C), National Institutes of Health, Public Health Service; 
General Mills, Inc., Minneapolis, Minnesota; Merck and Company, Inc., Rahway, 
New Jersey; and the Nutrition Foundation, Inc., New York, New York. 

+t Rockefeller Foundation Fellow. 

1 Kindly supplied by the Lederle Laboratories Division, American Cyanamid 
Company, Pearl River, New York. 
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diarrhea and melena in rats within a 4 day period (4). At the end of 4 
days, six treated guinea pigs and six rats, as well as ten control untreated 
animals of each species, were sacrificed. The liver sections and the first 
6 to 8 inches of small intestine were removed, were washed clean with 
saline, blotted, weighed, and prepared for folic and folinic acid analyses. 
The tissues were homogenized in 0.04 m cysteine solution, pH 7. Liver 
samples were diluted 1:10 and the gut samples 1:5. The homogenates 
were autoclaved for 5 minutes at 15 pounds pressure, cooled, centrifuged, 
and the centrifugates placed in the deep freeze until analyzed. The sam- 
ples were analyzed microbiologically with Lactobacillus caset and Leuconos- 
toc citrovorum as test organisms. The media used were those described by 
Henderson and Snell (7) with slight modifications. NaCl was omitted 
from the media, and in the folinic acid assay 10 mg. of CaCl.-2H,O were 
added to each 100 ml. of media. 

Another group of twelve guinea pigs of the same weight was given 240 
y of Aminopterin per kilo of body weight daily for 40 days. At the end of 
this period, no gross deficiency signs appeared; 7.e., loss of weight, ruffled 
fur, or diarrhea. Four animals were selected at random and sacrificed for 
metabolic studies. The first 6 to 8 inches of the small intestine were re- 
moved, opened lengthwise, and washed with saline. The mucosal tips of 
the villi were scraped off with a Stadie blade, and oxygen uptake was meas- 
ured as previously described (4). Glucose was used as a substrate. The 
remaining portion of the tract was also opened and examined for gross 
lesions and promptly fixed in formalin. The formalin-fixed tissues were 
imbedded in paraffin by the picric acid-dioxane method,? cut in a routine 
manner, and stained by Mallory’s method with aqueous alum hematoxylin 
and phloxine B (8). The oxygen uptake by mucosal tissue from six con- 
trol untreated guinea pigs was also measured. 

Guinea pigs and rats were also given a tracer dose of P® on a weight 
basis and sacrificed after 2, 4, and 8 hours. The various segments of the 
gastrointestinal tract were laid open and the mucosa from the duodenum, 
jejunum, and ileum scraped off and homogenized in water. The pro- 
tein was precipitated with 10 per cent trichloroacetic acid, washed with 
alcohol and ether, and dried. The phosphoprotein was then assayed for 
activity, and the results are expressed as counts per minute per gm. of 
protein. 


Results 


Table I presents the QO, (microliters of O. per hour per mg. of tissue, 
dry weight) of intestinal mucosal tissue obtained from Aminopterin-treated 
guinea pigs and from control untreated animals. The QO, of intestinal 


? Hazard, J. B., unpublished data. 
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mucosa from treated animals was 14.2, while that from control guinea 
pigs was slightly less, approximately 13. 

The QO, values for guinea pig intestinal mucosa were identical to those 
previously observed for normal rats (4). 


TABLE I 


Respiration of Intestinal Mucosa from Aminopterin-Treated and Control 
Guinea Pigs 











Group | No. of animals | No. of QO: values* Average QO: 
er eee ferent are | 6 35 12.6 + 0.8f 
i's croc au, vie adorn dis 4 28 14.2+ 0.9 





* Total number of slices of intestinal mucosa taken from total number of animals. 

{t Mean + the standard error. 

¢ Animals injected subcutaneously with daily doses of 240 y of Aminopterin per 
kilo of body weight per day for 40 days. 


TaBLeE II 
Folic and Folinic Acid Concentrations of Liver and Small Intestine in Control 
and Aminopterin-Treated Guinea Pigs and Rats 
The values are given in micromicrograms per gm. The numbers in parentheses 
represent the number of animals in each group. 




















Folic acid Folinic acid 
Liver | Smal intestine if Liver | Smal intestine 
Control 
Guinea pig (10)............. | 1531 + 390* | 484+ 9|181 4 47) 8+ 2 
aR sia. | 3051 + 220 | 384 + 59 | 890 + 220] 161 + 18 








Aminopterin-treated 





6+ 1 


Guinea pig (6).............. | 190 + 64 
38 + 11 


A eee are | 891 + 156 














* Mean + one standard error. 


In Table II are the concentrations of folic and folinic acids in the first 
portion of the small intestine and in the liver of control and treated guinea 
pigs and rats. In the untreated animals, the rats had significantly higher 
concentrations of folic and folinic acid in their livers and small intestine 
than did the guinea pigs. However, in the case of both the guinea pig 
and rat, the concentration of these two metabolites is greater in the liver 
than in the first portion of intestine. Folic acid could not be measured in 
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the livers and intestine of animals after Aminopterin treatment by the 
method used. Residual Aminopterin in the tissues presumably inhibited 
the growth of the test organisms used for the determination of folic acid. 
Aminopterin administration did not change the concentration of folinic 
acid in liver. The concentrations of folinic acid were 181 and 890 yuugm. 
per gm. of liver from untreated guinea pigs and rats, respectively, and 190 
and 891 after Aminopterin treatment. However, Aminopterin caused a 
marked reduction in the concentration of folinic acid in the small intestine 
of the rat, but no measurable effect on folinic acid concentration of small 
intestine from guinea pigs. Before treatment the concentration of folinic 
acid in the small intestine of rats was approximately 160 yugm. per gm. 
This concentration fell to 38 yyugm. per gm. of small intestine after Aminop- 


TaBLeE III 


Specific Activity of Phosphoprotein Obtained from Mucosa of Small 
Intestines from Guinea Pigs and Rats 


The values are given in counts per minute per gm. of protein. 




















Seageet of enelt 2 hrs. 4 hrs. 8 hrs. 
Duodenum Guinea pig 1,157 12,301 16,401 
Rat 11,893 14,907 26 ,337 
Jejunum Guinea pig 989 7,761 12,896 
Rat | 6,570 «|| =~ «12,186 23,936 
Tleum Guinea pig 1,212 6,619 14,232 
Rat 10,659 | —-21, 697 48,314 





terin administration. The folinic acid concentrations in guinea pig gut 
before and after treatment were 8 and 6 yugm. per gm. 

In Table III are the rates of P® incorporation in protein obtained from 
the gastrointestinal mucosa of rats and guinea pigs. At the end of 2 hours 
the specific activity of the phosphoprotein obtained from the mucosa of 
the duodenum, jejunum, and ileum of rats was 11,893, 6570, and 10,659, 
whereas for guinea pigs it was 1157, 989, and 1212, respectively. This 
difference in P* uptake by mucosal tissue of guinea pigs and rats was also 
evident at the end of 4 and 8 hours, although less marked at the end of 8 
hours. 


DISCUSSION 


Folinic acid, which may be an active form of folic acid, has been impli- 
cated in several enzyme systems (5). Although the metabolic and patho- 
logic effects of Aminopterin on rat intestinal mucosa reported in a pre- 
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vious paper (4) were not related to a specific enzyme system, this was 
presumably the basis of its action. Since Aminopterin caused marked re- 
duction in the concentration of folinic acid in the intestinal mucosa of rats, 
it is not surprising that the activity of gastrointestinal mucosa as meas- 
ured by O: uptake is greatly reduced. No change in the activity of intes- 
tinal mucosa of guinea pigs was observed after Aminopterin treatment. 
This, too, was not surprising, since Aminopterin had no effect on the con- 
centration of folinic acid of the guinea pig small intestine, which under 
normal conditions is very low. This would seem to indicate that those 
enzyme systems which require folinic acid as a cofactor are relatively in- 
active in the guinea pig intestine as compared with that of the rat. One 
can assume that folic acid or folinic acid plays an important rdle in cell 
division since the analogue, Aminopterin, is an antimitotic agent. By us- 
ing the uptake of P* as a measure of mitotic rate, the results expressed in 
Table III would indicate that the cells of rat gastrointestinal mucosa pro- 
liferate at a far greater rate than those of the guinea pig. No gross changes 
were seen in the small intestine of guinea pigs treated with Aminopterin 
comparable to the complete destruction of all epithelial elements seen in 
rats at the end of 4 days (4). 

Aminopterin toxicity in the rat can be completely prevented by equiva- 
lent amounts of folinic acid or by very large amounts of folic acid (5). 
Since Aminopterin is not very stable, decomposing to folic acid, and since 
well nourished animals were used in these experiments, it is possible that 
the ratio of Aminopterin to folic acid available to the guinea pigs was not 
great enough to produce gastrointestinal changes. 


SUMMARY 


Rat liver and small intestine had considerably higher levels of both folic 
and folinic acids than were found in these organs of the guinea pig. 

Aminopterin administration for a period of 4 days did not alter the con- 
centration of folinic acid in the liver of rats and guinea pigs. Aminopterin 
caused a marked reduction in the folinic acid level of the small intestine of 
rats but did not affect the level in the small intestine of guinea pigs. 

Aminopterin administration caused a marked reduction in oxygen up- 
take by rat intestinal mucosa, but had no effect on the oxygen uptake of 
intestinal mucosa of guinea pigs. 

By using the uptake of P® as a measure of cell proliferation, rat intes- 
tinal mucosal cells were found to proliferate more rapidly than those of 
guinea pigs. The possible relationship between the mitotic rate of intes- 
tinal mucosa and the relative sensitivity of guinea pigs and rats to Amin- 
opterin is discussed. 
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BIOSYNTHESIS OF THE PURINES 
IX. PRECURSORS OF THE NITROGEN ATOMS OF THE PURINE RING* 
By JOHN C. SONNE,} I. LIN, anp JOHN M. BUCHANAN} 


(From the Department of Phystologicai Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, August 11, 1955) 


Experiments in vivo and in vitro have demonstrated that glycine, formate, 
and CO, are precursors of the 5 carbon atoms and nitrogen atom 7 of the 
purine ring (4-10). These precursors, when added to extracts of pigeon 
liver, are all capable of enhancing hypoxanthine synthesis and are in- 
corporated into the purine ring in the definite proportion of 1:2:1 (10). 
The demonstration of this stoichiometric relationship proved to be of 
prime importance in establishing that the complete purine ring could be 
synthesized de novo by pigeon liver extracts. 

Although ammonium salts and the nitrogen of aspartic acid are readily 
incorporated into the purine ring in vivo (11), there is uncertainty that 
they are direct precursors because of the many side reactions which these 
compounds undergo. In studies in vitro, Orstrém et al. (12) have shown 
that glutamine as well as pyruvate, oxalacetate, and ammonium salts 
may stimulate hypoxanthine synthesis in pigeon liver slices, a fact that 
has been also observed by Greenberg (13), using dialyzed pigeon liver ex- 
tracts. However, a stimulatory effect of a given substance in a biosyn- 
thetic reaction does not definitely establish it as a precursor, while, on the 
other hand, the absence of such an effect in a crude metabolic system may 
indicate only that the compound is not a limiting factor. Because of this, 
we favored the more direct approach of comparing the simultaneous utili- 
zation of N'*-labeled compounds suspected of being precursors and glycine- 
1-C* for hypoxanthine synthesis by pigeon liver extracts. By this sort of 
comparison and by degradation of the purine ring chemically to locate the 
position of the incorporated isotope, it has been possible to show that as- 
partic or glutamic acid and glutamine contribute nitrogen atoms to specific 
positions of the ring during its biosynthesis. 


* Preliminary reports of this work have been published (1-3). Supported by 
grants-in-aid from the National Cancer Institute, National Institutes of Health, 
United States Public Health Service, and from the Damon Runyon Memorial Fund 
for Cancer Research, Inc. C** was allocated by the Atomic Energy Commission. 

t Fellow of the Jane Coffin Childs Memorial Fund for Medical Research (1950-52). 

t Present address, Division of Biochemistry, Department of Biology, Massa- 
chusetts Institute of Technology, Cambridge 39, Massachusetts. 
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EXPERIMENTAL 


Synthesis of Compounds; Glycine-N'*—N"-labeled glycine was prepared 
from N"-labeled potassium phthalimide and ethyl bromoacetate (14).! 
When analyzed by the Kjeldah] method, it was found to have 18.3 per 
cent N as compared to the theoretical value of 19.0 per cent (calculated for 
glycine containing 35 atoms per cent excess N'®). Glycine-1-C™ and gly- 
cine-2-C™ were purchased from Tracerlab, Inc. 

L(+)-Aspartic Acid-N‘*“—1(+)-Aspartic acid-N'® was prepared by the 
method of Wu and Rittenberg (15). It had a specific rotation, [a]? 
+24.1° (16), when measured in a 6 N solution of HC] at a concentration 
of 16.65 mg. of aspartic acid per ml. of solution and contained 10.5 per 
cent nitrogen as analyzed by the Kjeldahl method. The theoretical analy- 
sis for aspartic acid containing 32 atoms per cent excess N™ is 10.7 per 
cent N. 

L(+)-Glutamine-N (Amide-Labeled)—The method of Fruton (17), as 
adapted to synthesis from N'-labeled materials, was used for the prepara- 
tion of L(+)-glutamine labeled in the amide position with N™. 

L(+)-Glutamic Acid-N'*—p.-Glutamic acid-N' was prepared according 
to the procedure of Schoenheimer and Ratner (14) and was resolved to 
obtain the L isomer by the method of Levintow et al. (18). 

Incubation Procedure—The details of the preparation of the pigeon liver 
extract were essentially the same as previously described (10). Approxi- 
mately 150 ml. of pigeon liver extract were incubated with glycine-1-C™, 
sodium formate, and N'-labeled substrate for 30 minutes at 38° (Table I). 
During the incubation aliquots were withdrawn to determine the rate and 
quantity of hypoxanthine synthesized. At the beginning and conclusion 
of the experiment, measurement was also made of the specific activity or 
N* concentration of the respective substrates. Average values of isotope 
concentration of the substrates were thus obtained and used in calculations 
involving the stoichiometry of utilization of these substrates for hypoxan- 
thine synthesis. 

At the end of the experiment the reaction was stopped by denaturation 
of the enzymes by an appropriate procedure (Table I). A small amount 
of hypoxanthine was added, and the hypoxanthine was isolated after con- 
version to uric acid as described below. 


Determination of C and N** Concentrations of Substrates 


Determination of Specific Activity of Glycine-1-C'\—The specific activity 
of the glycine-1-C (counts per minute per micromole) in the incubation 
vessels at the beginning of the experiment was calculated by correction of 
the specific activity of the added glycine-1-C"™ for dilution by the non-radio- 


1 We wish to thank Dr. Adelaide Delluva for the preparation of this compound. 
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active glycine already present in the extract. Preformed glycine, as meas- 
ured by the method of Alexander, Landwehr, and Seligman (19), has 


TaBLeE I 
Content of Vessels Used in Experiments 























; | | N25-Ja- 
Experi. N}5-labeled substrate S| =. — — bg Method of stopping reaction 

No. | 1-C™ strate | Ue 

| mil. | mmoles | mmoles mmoles | ml. | 

1 | NHCI 150 | 2.28 | 3.38 | 1.50 | 180 | Perchloric acid 

2 | Aspartic acid 185 | 4.58 | 4.50 | 2.50 | 235 | Heating at 100° 

3 | Glutamic ‘ | 131 3.22 | 3.26 | 2.02 | 156 ** 100° 

4 | Glutamine (am- | 200 | 4.23 | 4.45 | 3.00 | 230 | Concentrated HCI (cold) 

ide-N!5) 
5 | Glycine | 150 | 3.37 | 3.75 | 3.37 | 165 a es 





In Experiments 1 to 4, companion vessels containing glycine-2-C™ were incubated 
along with the larger experimental vessels containing glycine-1-C™. These vessels 
contained the same concentration of substrates but only 0.2 to 0.1 the volume of the 
larger vessels. With the smaller vessels the reaction was stopped by the addition 
of tungstic acid, and the specific activity of the glycine-2-C™ was determined by the 
methods referred to in the text. 


TaBLeE II 
Changes in Specific Activity of Glycine and in N** Concentration of Nitrogen 
Precursors during Incubation 


















































, A Nitrogenous substrate 
Glycine-2-C Glycine-1-C¥, c.p.m. 

—_ c.p.m. per mole mer amole atoms per cent 
_y N'5-labeled substrate 

oO. 

Tai | Final | Ave? |Added |Initial*|Final*| Aver-| 44° | fair | Fi |Aver- 

1 NH,Cl (10.7)10.4 |10.6 | 775 | 730 | 710 | 720 |32 {28 28 

2 Aspartic acid | 4.0) 4.1 | 4.1 | 655 | 632 | 632 | 632 |31.4/26.9/23.5/25.2 

3 | Glutamic ‘“ 1.0) 0.75) 0.88) 518 | 496 | 372 | 434 |31.4)19.9)18.9)19.4 

4 | Glutamine (am- /13.5)11.0 |12.3 | 518 | 496 | 404 | 450 |32.0/29.5/27.1/28.3 

ide-N!5) | 
5 | Glycine ) | | | 438 438 (34.8 34.8 
i i | | 














* Calculated values, as indicated in the text. 


usually been found to be about 2.5 umoles per ml. of extract. The change 
in specific activity of the glycine-1-C™ during incubation was determined 
by measuring the change in specific activity of glycine-2-C™“ in a small 
companion vessel (Table II}. The details of this method are reported in 
a previous paper (10). 

Determination of N*® Concentrations of Nitrogenous Substrates—N* de- 
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terminations were made on the nitrogenous substrates after they were 
isolated by the following procedures from the incubation mixture (Table 
II). 

Isolation of u(+)-Aspartic Acid-N‘*—In a typical isolation 50 ml. of ex- 
tract were heated to boiling, the coagulated protein was separated by 
centrifugation and washed, and the combined supernatant solutions were 
diluted to 100 ml. and added to a column of IRA-400? at a rate of 2 ml. 
per minute (diameter, 1.1 cm.; length, 50 cm.) (20). The column was 
washed with 500 ml. of water and then eluted with 100 ml. of 1 n HCl. 
The ninhydrin-reacting fractions were combined and diluted to 200 ml. 
and added to a column of IR-4B? of similar dimensions at the rate of 1 ml. 
per minute (20). This column was washed with 200 ml. of distilled water, 
and then the aspartic acid was eluted with 150 ml. of 1 Nn HCl. The nin- 
hydrin-reacting fractions were evaporated to dryness on a steam bath and 
the residue taken up in a small amount of water. Upon addition of CuCO; 
the aspartic acid precipitated as the copper salt slowly within a day or 2. 
The copper salt was converted with H.S to the free acid, which was recrys- 
tallized three times from an aqueous alcohol solvent. The two samples of 
aspartic acid isolated during the experiment contained the theoretical 
amount of nitrogen when analyzed by the Kjeldahl method (found 10.49, 
10.52; theory 10.50, not corrected for N'® content). In the aliquot re- 
moved at the conclusion of the experiments, the hypoxanthine synthesized 
together with added hypoxanthine carrier was recovered from the columns 
and added to the main fraction of the extract from which hypoxanthine was 
to be isolated after the conversion to uric acid. 

Isolation of u(+)-Glutamic Acid-N\—Glutamic acid was recovered from 
the incubation mixtures by the same general procedure used for aspartic 
acid, except that it was finally isolated as the hydrochloride by bubbling 
dry HCl through the 3 ml. of concentrate remaining after evaporation of 
the eluate on a steam bath. The samples were washed three times with 
small amounts of concentrated HCl and reprecipitated once from a small 
volume of water with dry HCl. When analyzed by the Kjeldahl method, 
both samples of glutamic acid-hydrochloride isolated contained 7.68 per 
cent nitrogen (theory, 7.63 per cent, not corrected for N' content). 

Isolation of Amide Group from 1(+)-Glutamine—At the beginning and 
conclusion of the experiment an aliquot of the incubation medium was 


? IRA-400 and IR-4B were obtained from the Rohm and Haas Company, Phila- 
delphia. These resins were prepared for use as follows: IRA-400 was leached with 
5 per cent NaOH and then washed with distilled water in a column until the effluent 
solution was neutral. IR-4B was treated with three cycles of 5 per cent HCl, dis- 
tilled water, 5 per cent NH,OH, and washed with distilled water until a neutral reac- 
tion was obtained. The resin was used finally in the hydroxy] form. 
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treated with Clostridium perfringens,’ a microorganism which specifically 
removes the amide group of L(+)-glutamine as ammonia (21). The ali- 
quot was heated to boiling in a water bath, and the denatured proteins 
were removed by centrifugation. 20 ml. of the supernatant solution were 
made alkaline to brom cresol purple with 1 N NaOH and aerated in vacuo 
at 50° for 9 minutes to remove ammonia. The supernatant solution was 
centrifuged, adjusted to pH 4.9, first with concentrated HCl and then with 
2 ml. of 3 m acetate buffer, pH 4.9. 0.5 ml. of concentrated bacteria‘ was 
added, and the mixture was incubated 4 hours at 36.5°. After centrifuga- 
tion the supernatant solution was made alkaline again and aerated for 10 
minutes to remove the ammonia derived from the amide group of glutamine. 

Ammonia Collection and Determination—At the conclusion of the incuba- 
tion (Experiment 1, Table II) ammonia was aerated from the supernatant 
solution with the apparatus and method of Speck (22). Quantitative de- 
terminations were made with Nessler’s reagent. 


Determination of N** and C“ Concentrations of Hypoxanthine Synthesized 


Isolation of Uric Acid Obtained from Hypoxanthine—Samples of purine 
were isolated as uric acid rather than as hypoxanthine because of the ease 
of isolation and degradation of the former compound. The total hypoxan- 
thine compounds present in the non-protein supernatant solution after the 
incubation were hydrolyzed in 0.1 n HCl at 100°, and the resulting hypo- 
xanthine was oxidized to uric acid by the action of xanthine oxidase. This 
required dilution of the solution to approximately 10 to 14 y of hypoxan- 
thine per ml. and adjustment of the pH to 7.4 (23). Carrier uric acid was 
added, the solution was concentrated under reduced pressure, and uric 
acid was isolated by the procedure of St. John and Johnson (24). Both 
the specific activity and the N' concentration of this sample were de- 
termined (Table ITT). 

Procedures for Degradation of Uric Acid—The nitrogen atoms of uric 
acid were partially separated by the use of two established degradation 
procedures. From these degradations it was possible to determine the N'® 
concentration of N; directly as well as the average N' concentration of 
the fractions (Ni; + N;) and (N; + Ng). The N"® concentration of Ng 
could be calculated from these data. The experimental procedures for 
these methods are given below. 

Method I. Separation of Fraction (Nz + No) from (Ni + N;)—The 
method of Wohler and Liebig (25) was used with modification for applica- 
tion to a small scale degradation. 9 to 12 mg. of uric acid were suspended 


3 American Type Culture Collection No. 8009. 
4 Harvested from 1 liter of medium and suspended in 5 ml. of physiological saline 
solution and 5 ml. of water. 
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in 0.35 ml. of HCl (16.8 ml. of concentrated HCl and 20 ml. of H.O), and 
3.5 mg. of powdered KCIO; were added slowly at room temperature, until 
all uric acid had reacted. Thereafter, 0.7 ml. of H.O was added. After 
30 minutes H.S was bubbled into the solution for 5 minutes. The sample 
was neutralized with approximately 0.2 ml. of 1 nN NaOH and brought to 
pH 4.9 by addition of 0.2 ml. of 3 m acetate buffer. 6 mg. of powdered 
urease® were added, and the mixture was incubated for 30 minutes at 36.5°. 
Ammonia from (N; + Ng) was aerated from the mixture for 10 minutes 
with the apparatus of Speck (22), after the pH of the solution had been 
made alkaline to brom cresol purple with 1 N NaOH. The mixture was 
then treated with PbO, at pH 2 to 4 at 100° for 20 minutes, allowed to 


TABLE III 


Utilization of Glycine-1-C'* and N'5-Labeled Substrates for Hypoxanthine Synthesis 
in Pigeon Liver Extracts 





C™ and N'5 in uric 


: _|Quantity of substrate 
acid from hypoxan lized 











Experi- thine utilize pmoles of N14 
ment N'5-labeled substrate perumole of C4. 
No. labeled glycine 

Radio- Ns Glycine- |N5-labeled 
activity | content 1-C™ substrate 
ato 

eo y ss cent pmole pmole 
1 NH,Cl 51.0 | 0.132 | 0.070 | 0.020 0.28 
2 Aspartic acid 3.72 | 0.045 | 0.0057 | 0.0071 1.20 
3 Glutamic ‘ 21.6 | 0.300 | 0.050 | 0.060 1.23 
+ Glutamine (amide-N'*) 16.4 | 0.488 | 0.036 | 0.069 1.90 
5 Glycine 11.5 | 0.225 | 0.026 | 0.026 1.0 























react with HS, and filtered. Fraction (Ni + N;) was obtained from the 
resulting urea as described above. In the experiments reported in the 
following paper (26), this fraction was obtained as alloxantin, which was 
isolated in crystalline form and burned for N* analysis. 

Method II. Separation of Nz from Fraction (N; + N3 + Ns)—12 mg. of 
uric acid were suspended in a small sealed glass tube in 1 ml. of concentrated 
HCl and heated at 160° for 18 hours (27). Ammonia from Ni, N3, and Ny 
of the purine ring was quantitatively produced, aerated by water pump 
at 50°, and collected. The remaining solution, which was ammonia-free, 
was neutralized and evaporated to a small volume. 50 mg. of citrate 
buffer, pH 2.5, and 50 mg. of ninhydrin were added and the solution was 
heated for 8 minutes to convert the nitrogen of glycine to ammonia (28). 
The solution was treated with HS, diluted to 10 ml., filtered, made alkaline, 
and aerated to obtain N; of the purine ring as ammonia. 


5 The Arlington Chemical Company, Yonkers 1, New York; 100 mg. tablets. 
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RESULTS AND DISCUSSION 


From knowledge of the C and N* content of the substrates during in- 
cubation and of the hypoxanthine synthesized, it was possible to calculate 
the number of nitrogen atoms which each of the N'-labeled compounds 
tested contributed to the synthesis of each molecule of hypoxanthine 
formed de novo from radioactive glycine. These results are given in Table 
III. The results are expressed in terms of hypoxanthine synthesized, al- 
though actual analyses were made on uric acid isolated. 

The method of calculation of this ratio from the analytical data is as 
follows: A = (atoms per cent excess N! of hypoxanthine) /(atoms per cent 
excess N!° of substrate) = the fraction of hypoxanthine nitrogen derived 
from N'-labeled substrate = moles of N™ substrate utilized for purine 
synthesis per gm. atom of hypoxanthine nitrogen. Since hypoxanthine con- 
tains 4 atoms of nitrogen per molecule, 4A = moles of N™ substrate utilized 
for purine synthesis per mole of hypoxanthine. Likewise, B = (specific 
activity of hypoxanthine) /(specific activity of glycine-1-C™“) = the fraction 
of hypoxanthine derived from glycine-1-C* = moles of glycine-1-C™ 
utilized for hypoxanthine synthesis per mole of hypoxanthine. Then 
4A/B = moles of N' substrate utilized for hypoxanthine synthesis per 
mole of glycine-1-C'. It is the last of the above ratios (4A/B) which is 
recorded in the final column of Table ITI. 

As may be seen, the nitrogen of NH,Cl is poorly utilized for hypoxan- 
thine synthesis by the pigeon liver extract and does not account for even 
1 atom of purine nitrogen. It, therefore, seems that ammonia nitrogen is 
not a direct precursor of hypoxanthine nitrogen and that the small amounts 
which are incorporated are due to residual secondary reactions of ammo- 
nium salts in the liver extracts. By far the major nitrogenous precursors 
of the purines are organic in nature. The equivalent of 1 nitrogen atom 
of hypoxanthine is contributed by glycine; approximately 1.2 atoms are 
donated by either aspartic or glutamic acid and approximately 2 atoms by 
the amide nitrogen of glutamine. 

Degradation of Purines—The incorporation of glycine-1-C“ and N"® of 
N'-labeled substrates into newly synthesized hypoxanthine in approxi- 
mately integral ratios has suggested that these compounds are donors of 
specific nitrogen atoms of the purine ring. In an attempt to provide 
further evidence for this hypothesis, partial separation was made of the 
several nitrogen atoms of the ring, so that the N™ content of individual 
nitrogen atoms could be either directly determined or estimated. Uric 
acid obtained from hypoxanthine was degraded into fractions containing 
nitrogen atoms 1 and 3 combined, 7 and 9 combined, and 7 alone. The 
results of these experiments are reported in Table IV. In the experiment 
with glycine-N", almost all of the N'® was found in nitrogen atom 7. Of 
the 2 atoms of nitrogen donated by the amide group of glutamine, 1 was 








, 


376 BIOSYNTHESIS OF PURINES. IX 


found in nitrogen atom 9 and the other in the fraction containing nitrogen 
atoms 1 and3 combined. Aspartic acid and glutamic acid each contributed 
1 atom of nitrogen to the (Ni + N;) fraction. Although it could be 
shown by these experiments that glycine and glutamine were the direct 
precursors of N; and Ng, respectively, it was not possible without a method 
for the separation of N; and N; to delineate the réle which the amide nitro- 
gen of glutamine and the a-amino nitrogen atoms of glutamic and aspartic 
acids played as precursors of specific nitrogen donors of this latter nitrogen 


TABLE IV 


Location of N** in Purine Ring 





Atom per cent excess N!5 in various N atoms* 
. of purine molecule 
N1-labeled substrate 








WN: + Nath; +Ne)t| Nr Not 
Glycine..................ccecce.s-eeses.+--| 0.058 | 0.378 | 0.782 | 0.058 
Glutamine (amide-N"5)...... IEC atthe, 0.186 | 0.176 | 0.018 | 0.334 
NS tire Nard aeh, Secs ass aig hso se ooh ie 0.083 0.009 








al ina aoc Hee a ae on rar eae Ie | 0.185 0.025 





* The distribution of N'5 in the purine ring in individual experiments was deter- 
mined after further dilution of the original sample with varying amounts of uric 
acid. Therefore, only the N' values of the nitrogen fractions of urie acid within 
each experiment are comparable. 

+ Denotes the average N' concentration in the nitrogenous fraction isolated. 


t Estimated from the N'* determination of nitrogen atom 7 and the nitrogen 
fraction (N7; + Ng). 


fraction. Each compound contributed 1 nitrogen to the (Ni + Ns) frac- 
tion, but it was apparent that all three compounds could not be specific 
precursors of the 2 atoms concerned. The view was expressed in an early 
report. of this work (3) that the biological similarity of the two trans- 
aminating dicarboxylic amino acids favored the probability that their 
a-amino groups both supplied the same 1 atom of the N; and N; pair, and 
that the other nitrogen atom of the pair was donated by the amide group 
of the 2nd molecule of glutamine used in hypoxanthine synthesis. The 
development of a new method for degradation of uric acid has made possible 
a precise definition of the sites of incorporation of these compounds in the 
(N; + Ns) fraction and has eliminated one of the amino acids, glutamic 
acid, as a specific precursor (26). 


The authors wish to thank Dr. Sidney Weinhouse, The Institute for 
Cancer Research, Philadelphia, and the Research and Development De- 
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partment, Sun Oil Company, Marcus Hook, Pennsylvania, for some of 
the N! analyses reported. 


SUMMARY 


By comparing the incorporation of glycine-1-C™ and the N*® of N1¥- 
labeled precursors into hypoxanthine synthesized by extracts of pigeon 
liver, it has been possible to determine the organic substrates which are 
the precursors of the nitrogen atoms of the ring of the purine base. 1 mole 
of nitrogen from glycine, approximately 1 mole of either aspartic or glutamic 
acid nitrogen, and approximately 2 moles of the amide nitrogen of gluta- 
mine are utilized for hypoxanthine synthesis for every mole of glycine-1-C™. 

The 1 nitrogen equivalent of purine derived from glycine was found in 
N7; 1 of the 2 nitrogen equivalents of the amide nitrogen of glutamine was 
found in Ng, and the 2nd nitrogen equivalent of glutamine and the 1 nitro- 
gen equivalent of either aspartic or glutamic acid was found in the (Ni + 
N;) fraction of the purine base. Because of the inability to separate N, 
and N; of the ring system, it was not possible to ascertain the precise loca- 
tion of N° incorporated into this fraction as a result of incubation of pigeon 
liver extracts with N’°-glutamine or N'-glutamic or aspartic acid. 
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BIOSYNTHESIS OF THE PURINES 


X. FURTHER STUDIES IN VITRO ON THE METABOLIC ORIGIN 
OF NITROGEN ATOMS 1 AND 3 OF THE PURINE RING* 


By BRUCE LEVENBERG,{ STANDISH C. HARTMAN, anv 
JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts Institute 
of Technology, Cambridge, Massachusetts) 


(Received for publication, August 11, 1955) 


In the preceding paper (3) it has been shown that the nitrogens of gly- 
cine, glutamine, and aspartic and glutamic acids contribute in major pro- 
portions to the synthesis of the purine ring of hypoxanthine in pigeon liver 
extracts. Whereas N; and Ng are derived from glycine and the amide 
nitrogen of glutamine, respectively, the determination of the exact meta- 
bolic origin of N; and N; depended upon the development of a new method 
of uric acid degradation which could chemically separate these 2 nitrogen 
atoms. With this additional procedure it has now been possible to sepa- 
rate readily each nitrogen and carbon atom and to demonstrate that the 
nitrogen of aspartic acid and the amide nitrogen of glutamine are the pre- 
cursors of N; and N; of the purine ring, respectively. 


EXPERIMENTAL 


Materials—The source of materials used in these experiments is de- 
scribed in the preceding paper (3). 

Methods; Incubation and Isolation Procedures—The conditions of the 
experiments differed in several respects from those reported in the fore- 
going paper. The enzymes of pigeon liver extract (4) were precipitated at 
—18° by alcohol at a final concentration of 45 per cent and were separated 
by centrifugation. Just prior to use, the precipitate was taken up in a 
minimal volume of cold distilled water (final concentration approximately 
80 mg. of protein, dry weight, per ml. of solution) and incubated under 
the conditions described in a following section. After termination of the 
reaction, purine compounds were isolated as uric acid by the procedure 
described in the preceding paper. 

Degradation of Uric Acid by Hydrogen Peroxide in Alkaline Solution; 

* A preliminary report of this work has been published (1,2). This work has been 
supported by grants-in-aid from the National Cancer Institute, National Institutes 


of Health, United States Public Health Service, and the Damon Runyon Memorial 
Fund for Cancer Research, Inc. 


{ Fellow of the National Institutes of Health, United States Public Health Service 
(1951-54). 
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Method III'’—In order to effect the separation of the nitrogen atoms of the 
purine ring for N' analysis, it was necessary to develop a third method for 
the degradation of uric acid in addition to those already described (3). 
Although the reaction of uric acid with H,O, in alkaline solution has been 
known for some time (5, 6), only recently has the mechanism of this reac- 


| 
HN c*"NH 
OH 
HYDROXY ACETYLENE DIUREIDE 
CARBOXYLIC ACID 


H,0, 
®COOH : °COOH 
Cc 
ry “Ce > Sy ae 
i + 


OXONIC ACID (A) OXONIC ACID (B) 

Fig. 1. Mechanism of the degradation of uric acid by HO: in alkaline solution. 
The numbering in products of reaction is based on carbon and nitrogen atoms of 
original uric acid molecule. Another structure has recently been assigned to the 
symmetrical intermediate of oxidation (9). Oxonie acids A and B represent two 
different isotopically labeled species. 


tion been correctly understood. On the basis of experiments carried out 
in this laboratory with compounds labeled with C™, Brandenberger (7-9) 
proposed the mechanism of oxidation presented in Fig. 1. These results 


1 See the preceding paper for a description of Methods I and II. Although in the 
degradation of uric acid in the presence of alkaline reagents a symmetrical compound 
is frequently formed, there was no assurance from previous literature that this was 
true in the specific case of the alkaline oxidation of uric acid with H,O2 (Method ITI). 
It was, therefore, necessary to demonstrate this with uric acid labeled in specific 
nitrogen atoms with N!5 and to determine the exact nature of the reaction before this 
method of degradation could be used with assurance of its validity. 
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and interpretations have been confirmed by further work by Branden- 
berger and Brandenberger (10), by Hartman and Fellig (11), and more 
). recently by Canellakis and Cohen (12). Since this work was concerned 
primarily with C-labeled compounds, it seemed of value for the present 
experiments to carry out this degradation on compounds labeled with N". 
The method of Cavalieri, Blair, and Brown (13) was used to synthesize 
urie acid labeled in the 9 position. This method yields a product labeled 
primarily in position 9 but also to a significant degree in position 7 (Table 
I). When degradation was carried out with Method III, the ammonia 
fraction (see Fig. 1) contained exactly one-half the concentration of N', 
as did N; alone. This indicates that the ammonia fraction in the alkaline 
peroxide degradation is derived equally from N; and a 2nd nitrogen atom, 


TABLE I 
Degradation of 7-, 9-N'5-Uric Acid 





| 
Method Products of degradation Representing N fraction* A pots hy mt 





(Ni + N; + Nz + No) 








53 


Total molecule | 
81 


* 
II Glycine Ni 1. 
II z Ammonia (Ni ote N; + Ns) 1.45 
I Alloxantin | 3(N, + Ns) 0.00 
I Urea | $(N; + Ne) 2.98 
III Ammonia | 0.90 
| III Oxonie acid 1.72 
4. 


15 





Ng (calculated) + 





* See the text, foot-note 3. 

t According to the procedure indicated in the text. 
yr which in this specific case does not contain excess N!5, i.e. N, or N3. From 
the known information on the degradation of C™-labeled samples (7) and on 
two the oxidative reactions of uric acid in alkaline solution (14), it is apparent 
that a symmetrical compound (possibly hydroxyacetylenediureide-car- 
boxylic acid) is an intermediate in the conversion of uric acid to oxonic 
out acid, and that the ammonia produced in this reaction is derived equally 
-9) | from Ny and N;. 

ults In order to provide further information on the validity of this method, 
. the a fourth procedure (Method IV) was examined for the degradation of the 
yund purine ring. Inosinic acid, biosynthetically prepared from aspartic acid- 
was N", was hydrolyzed to hypoxanthine and, after addition of carrier, con- 
wns verted to 1,7-dimethylhypoxanthine according to the method of Kriiger 
‘this (15). This product was hydrolyzed with concentrated HCl in a bomb 
tube. This procedure yielded 1 equivalent of methylamine from Ni, 1 
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equivalent of sarcosine from Cy, C;, and N;, and 2 equivalents of ammonia 
from N; and Ny. These products were separated by ion exchange chro- 
matography on a Dowex 50 column (16). This same inosinic acid sample 
was converted to uric acid by the methods previously described, and this 
material was degraded by the alkaline peroxide method. The results of 
the two degradations were in agreement only if the proposed scheme for 
the alkaline peroxide reaction was assumed. Method IV was devised for 
the separation of N; and N; only as a means of corroborating the results 
obtained by Method III. However, because of the length of the procedure 
and the relatively low yield of products, Method IV could not be con- 
sidered a convenient procedure for the degradation of the purine ring. 
Similar objections apply to the method developed by Lagerkvist (17) for 
the separation of N, and N; of uric acid by a process which involves methyl- 
ation of the purine ring and separation of the products by chromatography. 

The details of the method for the degradation of uric acid by hydrogen 
peroxide in alkaline solution are as follows: 20 mg. of uric acid were dis- 
solved in 2.5 ml. of water in a 12 ml. centrifuge tube by the addition of 
two pellets of KOH. 0.03 ml. of 30 per cent hydrogen peroxide was added, 
and the ammonia was collected (8) for 24 hours in 20 ml. of 2 per cent boric 
acid solution containing methyl purple indicator.2 After the ammonia 
formed was determined by titration, it was then distilled into 0.07 n H.SO, 
in preparation for its analysis in the mass spectrometer. Oxonic acid 
was obtained as the barium salt according to the method of Hartman and 
Fellig (11). All compounds were prepared and analyzed for N* by the 
method of Rittenberg et al. (18). 

Calculation of Results—The accompanying method of calculating the 
atom per cent excess N!® of the various positions of the purine ring was 
used in all experiments. 


Position Determination Degradation! 
N; Directly determined Method II, HCl hydrolysis 
Ni 2(4(Ni + Nz)) — Ny = III, alkaline peroxide 
N3 2(4(Ni + N3)) — Ni = I, chlorine oxidation 


Ns 2(3(Nz + No)) — Ny ees - 7 


These figures can be checked against three experimentally determined 
values: the ammonia from the HCl hydrolysis, 4(N:1 + N3 + Ng); the 
oxonic acid sample, (Ni; + N3; + No + Nz + N; + Nog); and the total 
molecule, (Ni + Ns + Nz-+ Ns). Methods of calculation which employ 
these three values directly for determination of individual positions should 


? Fleisher Chemical Company, Washington 4, D. C. 

3 The average N!® concentration of all 4 atoms of the purine ring is expressed as 
1(N, + N; + Nz + No). Asimilar method of notation is used for other nitrogenous 
fractions produced from the various degradations. 
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be avoided. Such a method has been proposed by Brandenberger (8). 
While his equations are mathematically correct, it has been found in prac- 
tice that, when relatively low values of atom per cent excess are multiplied 
by factors of 6 or 8 and these values are mathematically manipulated, the 
error resulting from the calculation of “small differences between large 
numbers” is considerable. Errors are, in effect, being multiplied by these 
same factors. In the method proposed here, these incurred errors are 
minimized. 


Results 


In the following experiments related to the metabolic origin of the nitro- 
gen atoms of the purine ring, the per cent of the total N’ incorporated 
into each nitrogen has been reported. In addition, for each N"-labeled 
substrate, calculation has been made of the approximate ratio of moles of 
N*§ incorporated into any position or positions of the ring per mole of hypo- 
xanthine compounds synthesized de novo from glycine-1-C™“. This ratio 
will be called the molar utilization ratio and may be applied either to 1 
atom of the ring, as it usually is in this paper, or to the sum of all 4 nitro- 
gen atoms, as was the case in the preceding report (3). The calculation 
of this ratio in the present paper was approximate because it was based 
only on the C“ and N® concentrations of the added substrates. 

In the first series of experiments (Experiment 1, a, Table II), N-la- 
beled aspartic acid was incubated with the pigeon liver enzyme system 
and the other substrates listed. It was found that 77 per cent of the N' 
present in the purine ring was located in N;. The remaining 23 per cent 
of the N'® was distributed among the other 3 nitrogen atoms. This sug- 
gests that aspartic acid contributes its nitrogen atom to position 1 and 
that the incorporation into the other positions may result from a secondary 
side reaction of this compound. Frequently a useful way of sharpening 
results of metabolic tracer experiments in vitro is to carry out the reaction 
in the presence of a relatively large amount or “bank” of unlabeled ma- 
terial which is suspected of being the product of the secondary breakdown 
of the N'-labeled material. The addition of such a bank would act as a 
trap for the product of this secondary reaction and dilute out isotopic ma- 
terials which might otherwise be non-specifically incorporated into posi- 
tions 3, 7, or 9 of the purine ring. 

When a bank of non-labeled glutamine was added in a quantity 7 times 
greater than the aspartic acid-N* present, 98 per cent of the N' present 
in the purine ring was found to be located in N, (Experiment 1, b, Table 
II). The absence of N° in N3, Nz, and Ng in this experiment in contrast 
to the results of Experiment 1, a demonstrated that the utilizs.tion of as- 
vartic acid nitrogen for these positions is a secondary reaction. Such, 
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however, is not the case for N;. In both experiments the molar utiliza- 
tion ratio of aspartic acid nitrogen for N,; was approximately 1. 

In two experiments (Table III, 2, a and 3, a), glutamine, labeled in the 
amide-N with N', was incubated with the pigeon liver enzyme system. 
In confirmation of the results of Sonne ef al. (19), the uric acid isolated 


TABLE II 


Pattern of N*® Distribution in Hypoxanthine Synthesized de Novo from .(+)-Aspartic 
Acid-N'5 in Absence and Presence of Unlabeled Glutamine 








N!5 incorporation in indicated positions of purine ring 
N fractions 








| 

| 

| 

|- ‘i 

| Experiment 1, a (no glutamine) | Experiment 1, 6 (with glutamine) 
| 

| 




















j Per cent Molar Per cent | Molar 
N5 experimentally determined | Excess N'%| total | utilization) Excess N'5 total | utilization 
| molecule ratio molecule ratio 
ee ee | w 
atom | atom 
per cent | per cent 
(Ni + Ns +Nz+No)/4 | 0.210 0.062 
N; - 0.086 10 | 0.13 | 0.006 2 0.02 
(Ni + Nz)/2 | 0.364 | | 0.132 
N!5 calculated | | 
| | 
ro | 
| 
Ni 0.642 77 | 0.96 | 0.258 98 0.70 
2(N3 + No)/2 | 0.112 13 | | 0 0 














The vessel of Experiment 1, a contained sodium L(+)-aspartate-N!5 (60 atom per 
cent excess N!5) 525 umoles; glycine-1-C™ (1500 c.p.m. per wmole) 355 pymoles; sodium 
formate 750 umoles; potassium bicarbonate 1800 zmoles; sodium ribose-5-phosphate 
750 wmoles; sodium 3-phosphoglycerate 375 umoles; calcium leucovorin 1.1 ymoles; 
supernatant solution from boiled pigeon liver homogenate (in 0.03 m phosphate 
buffer, pH 7.4) 14.5 ml.; pigeon liver enzyme preparation (45 per cent ethanol frac- 
tion, 80 mg. per ml.) 17 ml.; 0.1 m phosphate buffer, pH 7.4, containing 0.1 m KCI 
and 0.01 a MgCl., 10 ml.; total final volume 60 ml. Experiment 1, b was carried out 
in a total volume of 26 rather than 60 ml., but contained the same concentration of 
materials and relative proportion of other additions. 1580 moles of L(+)-glutamine 
were added to the vessel of Experiment 1, b. 


from these experiments contained approximately an equal amount of N! 
in the fractions (N; + N;) and (N; + Ng), with practically all of the N' 
residing in this latter fraction present in No. The distribution of N™ be- 
tween N,; and N; in the (N; + N;) fraction in the two experiments was 
found to vary when the aspartic acid bank was omitted. However, in 
the presence of a 6-fold bank of aspartic acid (Experiment 2, b and 3, b, 
Table III) the results were consistent in that little or no N'™ appeared in 
N,, but there was a large incorporation into N;. In this case the incorpor- 
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TaBLeE III 
Pattern of N** Distribution in Hypoxanthine Synthesized de Novo from 
L-Glutamine-N'5 (Amide-Labeled) in Absence and Presence of 
Unlabeled Aspartic Acid 





| Incorporation of N"5 in indicated positions of purine ring 
N fractions 












































Experiment 2, a* Experiment 2, bt 
| Per cent | Molar Per cent Molar 
N'5 experimentally determined | Excess N'5| total utilization) Excess N15 total utilization 
| molecule | ratio molecule ratio 
oa atom atom 
| percent | per cent 
(Ni + Ns +Nr+No)/4 | 0.099 | 0.381 
Nz | 0.016 4 | 0.09 0.020 1 0.03 
(Ni + N7)/2 | 0.080 0.036 
(Ni + N;)/2 | 0.084 0.396 
(Nz; + Ng)/2 | 0.095 | | 0.464 
oi $$$ — | | 
N calculated | | 
Ni 0.144 40 | 0.70 0.052 3 0.06 
N; 0.024 ¢ .| 0.2 0.740 43 0.70 
No | 0.174 49 | 0.82 | 0.908 53 0.86 
N® experimentally determined | Experiment 3, a* : Experiment 3, bt 
| | 
(i+ Net Nit No/t | 0.066 | | 0.119 | | 
N; | 0.013 | 4 | 0.08 | 0.020 | 5 | 0.08 
(Ni + N7)/2 0.037 | 0.021 | 
(N; + N3)/2 | 0.080 | | 0.017 
(Nz + Ng)/2 _ 0.067 | | 0.115 | | 
| 
eral | 
N® calculated | | 
Ni 0.061 | 21 «| 0.38 | 0.022 | 5 | 0.09 
N3 0.099 | 34 | 0.61 | 0.192 43 0.76 
No | 0.121 | 41 | 0.75 | 0.210 | 47 | 0.83 











* No aspartate. 
+ With aspartate. 


The vessels of Experiments 2, a and 3, a contained amide -labeled 1(+)-gluta- 
mine-N'* (32 atom per cent excess N15) 342 wmoles; glycine-1-C' (2000 ¢.p.m. per 
umole) 350 ymoles; sodium formate 825 zmoles; potassium bicarbonate 2100 umoles; 
sodium ribose-5-phosphate 925 wmoles; sodium 3-phosphoglycerate 413 umoles; cal- 
cium leucovorin 1.27 umoles; supernatant solution from boiled pigeon liver homog- 
enate, in 0.03 m phosphate buffer, pH 7.4, 16.7 ml.; pigeon liver enzyme preparation 
(45 per cent ethanol fraction, 80 mg. per ml.) 19.5 ml.; 0.1 m phosphate buffer, pH 
7.4, containing 0.1 m KCl and 0.01 m MgCle, 11 ml.; total final volume 61 ml. Ex- 
periments 2, b and 3, b were carried out in a total volume of 53 rather than 61 ml., 
but contained the same concentration of materials and relative proportion of other 


additions; 1770 wmoles of L(+)-aspartic acid were added to the vessels of Experi- 
ments 2, b and 8, b. 
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ation of N! into N; almost equaled that into N». From these latter ex- 
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re . 
periments it is evident that the incorporation of N'* of glutamine into N, po 
in Experiments 2, a and 3, a was a secondary reaction and that this com- tien 
pound contributes in a primary way only to N;. In both Experiments 
2, b and 3, b the molar utilization ratio of glutamine amide nitrogen for N; 
was approximately 1, and for Ng likewise 1. 

TasBLe IV 
Incorporation of u(+)-Aspartic Acid-N into Nitrogen Atom 1 of Hypoxanthine in 
Absence and Presence of Unlabeled Glutamic Acid 
N fractions Experiment 4, a (no glutamate) | Experiment 4, 6 (with glutamate) 
N} incorporated It*sneerpecnted 
into Ni per into Ni per 
N!5 experimentally determined Excess N15 umole “ya Excess N' — — 
xanthine from thine from 
glycine-1-C™ glycine-1-C4 
~~ atom por ext / prey | alom per cont umole 
Nr 0.084 0.072 
(Ni + N7)/2 0.391 0.180 
N'5 calculated 
Ni 0.698 0.71 0.228 0.32 
The vessel of Experiment 4, a contained sodium L(+)-aspartate-N!5 (60 atom per 
cent excess N!5) 75 ymoles; L(+)-glutamine 75 ymoles; glycine-1-C' (2000 c.p.m. per 
umole) 50 wmoles; sodium formate 100 ymoles; potassium bicarbonate 300 wmoles; 
sodium ribose-5-phosphate 50 ymoles; sodium-3-phosphoglycerate 120 umoles; cal- 
cium leucovorin 0.13 umole; boiled liver homogenate, in 0.03 m phosphate buffer, Fi 
pH 7.4, 1.75 ml.; pigeon liver enzyme preparation (45 per cent ethanol fraction, 80 glyci 
mg. per ml.) 2.5 ml.; 0.1 m phosphate buffer, pH 7.4, containing 0.1 m KCl and 0.01 14 yn 
M MgCl2, 1.5 ml. Total final volume 11 ml. Experiment 4, b same as 4, a, plus 450 phos} 
umoles of sodium L-glutamate. 0.1M 
30 un 
In Table IV is reported an experiment which attempts to determine anon 
whether glutamic or aspartic acid is the primary metabolic source of N:. ta 
A comparison was made of the N'* incorporated into Ni, when glutamine batec 
and aspartic acid-N'® were incubated alone and then with a large bank of 
unlabeled t-glutamic acid. The concentration of glutamic acid was 6 E 
times greater than that of the aspartic acid-N"™ in this vessel. Since trans- Synt 
amination reactions between aspartic acid-N'* and glutamic acid would and | 
result in a partial distribution of N' between these two compounds, it thine 
would, therefore, be expected that the N' concentration of aspartic acid Asti 
would be lowered and that this would be reflected in the amount of N™ com 
incorporated into N,; per mole of hypoxanthine synthesized de novo from cine- 
glycine-1-C™, Table IV shows that a 2-fold reduction in the N'® incorpo- 
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rated into the purine ring did occur. However, if glutamic acid had been 
a more immediate precursor of N; than aspartic acid, then the incorpora- 
tion of N'5 from aspartic acid would have been reduced at least 7-fold. 


ADDITIONS : 
NONE 


ASPARTIC ACID 
GLUTAMIC ACID 
ASPARAGINE 


GLUTAMINE 
ASPARAGINE + 
ASPARTIC ACID 


GLUTAMINE + 
GLUTAMIC ACID 


ASPARAGINE + 
GLUTAMIC ACID 


GLUTAMINE + 
ASPARTIC ACID 





O02 O4 O06 O8 1.0 
MICROMOLES OF 
INOSINIC ACID SYNTHESIZED 

Fig. 2. Effect of amino acids on the biosynthesis of inosinic acid from 
glycine-1-C'*. Each vessel contained, in a total volume of 1.8 ml., glycine-1-C™ 
14 wmoles; sodium formate 30 uzmoles; potassium bicarbonate 60 ymoles; ribose-5- 
phosphate 20 uwmoles; 3-phosphoglyceric acid 15 umoles; calcium leucovorin 758 y; 
0.1 m NasHPO, buffer, pH 7.4, 0.5 ml.; magnesium sulfate 5 umoles; potassium sulfate 
30 umoles; pigeon liver 0 to 45 per cent ethanol-precipitated enzyme, dissolved in 
a minimal volume of water, 0.5 ml. .-Amino acids or amides, when incubated sepa- 
rately as indicated, were added at levels of 15 umoles. When in combination, each 
nitrogenous substrate was added at a level of 7.5 umoles. All the vessels were incu- 
bated for 2 hours at 38°, and the reaction was stopped by boiling for 5 minutes. 


Effect of Glutamine and Aspartic Acid As Stimulants of Inosinic Acid 
Synthesis de Novo—Additional evidence for the specific réle of glutamine 
and aspartic acid as donors of 3 of the 4 nitrogen atoms of the hypoxan- 
thine ring has been obtained by an independent experimental method. 
A study was made of the ability of a variety of nitrogen-containing organic 
compounds of biochemical importance to stimulate the conversion of gly- 
cine-1-C* to inosinic acid in the presence of an enzyme system obtained 
from pigeon liver by ethanol precipitation. In these experiments all other 
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required substances (i.e. ribose-5-phosphate, adenosine triphosphate, 
formate, bicarbonate, and 3-phosphoglycerate) were present in excess. 
The compounds tested as nitrogen donors under conditions of incubation 
similar to those described in Fig. 2 were L-glutamine, L-asparagine, L-gluta- 
mic acid, L-aspartic acid, L-alanine, L-serine, DL-homoserine, L-isoleucine, 
L-threonine, pDL-citrulline, L-phenylalanine, L-arginine, t-histidine, L-lysine, 
L-ornithine, glycinamide, and glycocyamine. All compounds were em- 
ployed at levels of 15 umoles per vessel. After addition of 10 mg. of car- 
rier hypoxanthine, inosinic acid was hydrolyzed to its free base, and hypo- 
xanthine silver picrate was isolated by the method of Schulman et al. (4). 
From the specific activity of these samples could be calculated the amount 
of inosinic acid-C™ synthesized. The results of such an experiment showed 
that, of all the compounds tested, only glutamine, asparagine, glutamic 
acid, and aspartic acid were of any value as nitrogen sources for inosinic 
acid biosynthesis. When various pairs of these four substrates were tested 
together in this system, the results in Fig. 2 were obtained. A synergistic 
effect of considerable magnitude was observed on the de novo synthesis of 
inosinic acid when either glutamine plus aspartic acid or asparagine plus 
glutamic acid was incubated in the same vessel, together with all other 
necessary substrates. While the latter pair of nitrogen donors has re- 
peatedly afforded excellent conversion of glycine to inosinic acid in the 
enzyme system employed in all the experiments above, it will be shown in 
further studies that the ability of asparagine and glutamic acid to function 
as nitrogen donors in this crude system is probably owing to their inter- 
conversion into glutamine and aspartic acid. 


DISCUSSION 


The foregoing experiments conclude an investigation of the precursors 
of the purines which began some few years ago with the observation by 
Sonne, Buchanan, and Delluva (20-23) and Shemin and Rittenberg (24) 
that the carbon atoms and 1 nitrogen atom of the purine ring are derived 
in vivo from 3 simple metabolic units; glycine, COs, and formate. The 
finding that the complete purine ring could be synthesized in homogenates 
(25) or extracts (4, 26, 27) of pigeon liver resulted in the important dis- 
covery by Greenberg (28) that the synthesis of the purine ring proceeded 
through ribotide intermediates of which inosinic acid was the end-product. 
It has also provided the biological system which is sufficiently simple to 
test certain nitrogenous substrates as precursors of the purine ring. 

In studies initiated by Sonne et al. (3) and concluded in the present paper, 
it has been possible to demonstrate with the pigeon liver system that the 
amide nitrogen of glutamine contributes specifically to N3; and Ng of the 
purine ring, and that aspartic acid is the specific precursor of N;. Lagerk- 
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vist (17) has found that N; and Ng are derived in vivo from ammonia nitro- 
gen. In all probability ammonia nitrogen is first converted in vivo to the 
amide nitrogen of glutamine prior to its utilization for purine biosynthesis. 

The completion of the investigations on the precursors of inosinic acid 
in pigeon liver extracts has permitted examination of individual enzymatic 
steps in purine biosynthesis (2, 29, 30). These enzyme studies have re- 
vealed that, in confirmation of the present work, glutamine and aspartic 
acid are specific nitrogen donors in the reactions of purine biosynthesis (2). 


SUMMARY 


With the aid of an additional method of uric acid degradation, oxidation 
by HO: in alkaline solution, it is now possible to separate readily all of 
the nitrogen atoms of the purine ring. 

In continuation of previous work with N**-labeled substrates, which are 
contributors to the purine ring, it has been found that the nitrogen of as- 
partic acid and the amide nitrogen of glutamine are the specific precursors 
of N; and Ns, respectively. The demonstration of the glutamine amide 
nitrogen as the precursor of Ny has been confirmed. 

Various amino acids were tested for their ability to stimulate inosinic 
acid synthesis de novo by ethanol fractions of pigeon liver in the presence of 
other required substrates. Maximal synthesis was obtained by the ad- 
dition of both glutamine and aspartic acid, their effect on the reaction 
being synergistic. 
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COMPLEXITY OF THE MIXTURE OF THE HIGHER 
FATTY ACIDS FROM THE LIPIDES OF THE 
TUBERCLE BACILLUS* 


By JAMES CASON anp GERHARD J. FONKEN 
(From the Chemical Laboratory of the University of California, Berkeley, California) 


(Received for publication, October 10, 1955) 


A previous investigation reported from this laboratory (1, 2) included 
evidence that the fatty acids from the tubercle bacillus which contain more 
than 20 carbon atoms are a mixture in which there occur several a-alkyl- 
a,8-unsaturated acids. A major component of these acids was isolated 
in a relatively homogeneous condition and termed Cz;-phthienoic acid. 
Subsequent investigations (3, 4) have indicated for this acid the partial 
structure, 2-methyl-4 ,x-dialkyl-2-tetracosenoic acid. 

An independent investigation of the higher branched chain acids from 
tubercle bacillus has been carried out in the chemical laboratories of Ox- 
ford University, and the name “mycolipenic acid’ has been assigned (5) 
to a Cx-a,8-unsaturated acid, although there appears to have been pre- 
sented no evidence of isolation of such an acid in a reasonably homogene- 
ous condition. Further, Bailey, Polgar, and Robinson (6) have stated 
that “there can be very little doubt but that C2;-phthienoic acid and 
mycolipenic acid are identical;’’ however, experimental evidence in support 
of this statement has not yet appeared from the Oxford laboratory. For 
the best samples of material described by these investigators no melting 
point was reported, and the specific optical rotations were given as 11.7° 
(7) and 12° (5). The mixture of acids used for degradation (8) had Amax 
in the ultraviolet region at 220 my, with a molar extinction coefficient of 
about 8700, in cyclohexane as solvent. For our best sample of C27-phthi- 
enoic acid (2), there were reported two polymorphic forms, melting re- 
spectively at 26-27° and 39-41°, with a specific rotation of 17.8°, Amax 
218 my, molar extinction coefficient of 13,100 (heptane as solvent'). Al- 
though the material examined by the British investigators may well have 
contained a substantial percentage of the substance we have termed C27- 
phthienoic acid, there appears to have been presented no firm evidence of 


* This investigation was supported in part by a research grant (No. E-86) from the 
National Institutes of Health, United States Public Health Service. This is Paper 
XXXIII in the series entitled, ‘Branched chain fatty acids.”’ 

1 Our original publication gave absorption data only in alcohol solvent, Amax 216 
my, extinction coefficient 11,140. The figures here quoted were determined for pur- 


poses of comparison on the same sample of C2;-phthienoic acid, in hydrocarbon sol- 
vent. 
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this, and the evidence does show the presence in their samples of signifi- 
cant amounts of material with different ultraviolet absorption characteris- 
tics and optical rotation. 

Our earlier investigations (1, 2, 9) included considerable evidence that 
the higher acids from the tubercle bacillus contain not only other a,- 
unsaturated acids in addition to C2;-phthienoic acid, but also non-conju- 
gated unsaturated acids and acids containing several multiple bonds. A 
complex mixture was encountered in the acids originally isolated by Spiel- 
man and Anderson (10) as well as in acids obtained from three additional 
lots of bacteria grown more recently (9). In conflict with these findings, 
the British investigators have degraded a mixture of the higher acids (8), 
on the presumption that only one unsaturated acid is present, and have 
noted that the variety of acids reported from Berkeley does “not accord 
with impressions gained from investigations in these laboratories.” No 
experimental support for these impressions has been presented, but it was 
suggested that the variety of products found by us in the material iso- 
lated by Spielman and Anderson could be ascribed to partial hydrogena- 
tion of the unsaturated acid during the isolation procedure of Spielman 
and Anderson. The present paper describes a further investigation of the 
several fractions obtained from the material of Spielman and Anderson, 
and the complexity of the mixture is verified by the isolation of fractions 
containing high concentrations of dextrorotatory a-alkyl-a,8-unsaturated 
acids at the C25, Cos, and C29 levels. The latter acid probably has one 
more branch in the chain than does Cz-phthienoic acid. Considerable 
evidence has been secured that there is also present at least one a,6-un- 
saturated acid which is levorotatory. There seems little doubt of the 
presence of several additional acids, including three or four non-conjugated 
unsaturated acids. In the accompanying paper are presented an investi- 
gation of additional strains of tubercle bacillus and further evidence of the 
complexity of the mixture from which C2;-phthienoic acid has been isolated. 

The separation previously reported (1, 2) was dependent almost entirely 
on fractional distillation at reduced pressure. The fractions so secured 
have now been examined further by application of two additional tech- 
niques. First, the several fractions of acids have been subjected to esteri- 
fication under controlled conditions (11), which leave unesterified only 
a,8-unsaturated acids and acids with a substituent larger than methyl on 
the a- or B-carbon atom. This eliminates any acids of the phthienoic type 
which may have been hydrogenated during the original isolation procedure 
(10), as well as any other acids not of the two types mentioned. The frac- 
tions obtained from partial esterification were subjected to chromatography 
on charcoal according to the procedure which has been described in detail 
(12). For a given lot of acids initially segregated by fractional distilla- 
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tion, the sterically hindered saturated acids proved to be more strongly 
adsorbed on charcoal than did the a,8-unsaturated acids. Each chroma- 
togram (see ‘‘ Experimental”) indicates the presence of several acids; how- 
ever, the most significant results of these separations are summarized 
below. 

If the term “‘phthienoic” be reserved for dextrorotatory a-alkyl-a,- 
unsaturated acids, it may be noted that the data summarized below indi- 
cate the presence of C2s5- and Co¢-phthienoic acids in fractions of boiling 
points expected for these molecular weights. The C2 -phthienoic acid, 
however, occurs at a boiling point somewhat lower than expected for this 
molecular weight; additional evidence for structural differences in this 
acid includes somewhat more rapid elution from charcoal than expected 
for its molecular weight, and indication of four branches in the chain 
(versus three for C27-phthienoic acid) from the Kuhn-Roth analysis for 
terminal methyl. 


Analysis of Components of Mixture 


Although our interest is presently focused on unsaturated acids, several 
levorotatory, hindered saturated acids are indicated in the higher boiling 
fractions, and one of these has been secured in a homogeneous condition. 
The several acids will be described according to the three different types 
present. 

a,8-Unsaturated Acids—The data in Chromatograms A to F indicate 
the presence of at least six a-alkyl-a,8-unsaturated acids. 

C25-Phthienoic acid is in about 65 per cent concentration in Fraction 5, 
Chromatogram A, while C2.-phthienoic acid is indicated as about 80 per 
cent of Fractions 4 and 1R, Chromatogram B. The analytical data sug- 
gest no differences, other than molecular weight, between these two acids 
and C2z-phthienoic acid. The acids in Chromatogram B are from the 
ester boiling just below the fractions which were rich in methyl C2;-phthi- 
enoate (1, 2); therefore it seems probable that the a,8-unsaturated acid 
in Fractions 8 and 6R is the previously described Cz2;-phthienoic acid. 

Cz-Phthienoic acid is indicated as about 90 per cent of Fraction 3R, 
Chromatogram C. The lower boiling point of the ester, for the molecular 
weight, the relatively rapid elution from charcoal, and the Kuhn-Roth 
analysis indicate that this acid has one more branch in the chain than does 
Cz7-phthienoic acid. The data in Chromatogram C also show the presence 
(Fractions 7 to 10) of at least one dextro a,§-unsaturated acid which is 
more strongly adsorbed than C29-phthienoic acid; however, a high con- 
centration of this acid was not secured in any fraction. 

Evidence for a levo a-methyl-a,8-unsaturated acid may be summarized 
as follows. (a) The levo material of b.p. 245.5-246.5° (2 mm.) was pre- 
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viously shown, by the rate of amide hydrolysis (3), to consist principally 
of the ester of an a-methy] acid. 

(b) Acids from the ester of b.p. 231-248° (2 mm.) (Chromatogram E) 
include in Fraction 4 material eluted at low concentrations of benzene, 
with the maximal levo rotation occurring in this fraction which has maxi- 
mal ultraviolet absorption. Acids from the ester of b.p. 248-259° (2 mm.) 
(Chromatogram F) also include in Fraction 4 levo material which is about 
two-thirds a,8-unsaturated and is eluted at a low concentration of ben- 
zene. Although the above evidence does not indicate separation of a rela- 
tively homogeneous sample of a levorotatory a,8-unsaturated acid, its 
presence is subject to little doubt. A second levo a,6-unsaturated acid is 
suggested in Chromatogram E, Fraction 8, by the maximum in the ultra- 
violet absorption. The infra-red spectra of these acids do not show bands 
in the 10 to 15 uw region which are characteristic of the dextro a,8-unsatu- 
rated acids. 

Non-Conjugated Unsaturated Acids—Acids containing a double bond not 
conjugated with the carboxyl group may be readily detected even in rela- 
tively low concentration, for this structure causes the ultraviolet absorp- 
tion to rise as the lower wave-length limit of the instrument (200 my) is 
approached. The concentration of such acids may not be evaluated, for 
the maximum of the absorption lies well below the limit of the ultraviolet 
spectrophotometer presently available to us. The presence of three or 
four such acids is indicated. 

The non-conjugated unsaturated acids have been detected in two loca- 
tions in the chromatograms: the earliest fractions eluted with ethanol, 
and the latest fractions eluted with 80 per cent benzene in ethanol or pure 
benzene. Such fractions eluted with ethanol are Fraction 2, Chromato- 
gram E, and Fraction 2, Chromatogram F. The acids in these two frac- 
tions may be the same, for these chromatograms are of acids, the esters 
of which are from adjacent fractions boiling above methyl] C2;-phthienoate. 
Fractions eluted near the end of the chromatogram are Fraction 11, Chro- 
matogram B (lower boiling point than C2;-phthienoate), and Fraction 8, 
Chromatogram F (higher boiling point than C.;-phthienoate). 

Saturated Acids—The number of saturated acids is relatively difficult to 
evaluate on account of overlap in boiling point of the previously isolated 
fractions containing them and the absence of absorption in the ultraviolet 
region. However, a minimum of four such acids is strongly indicated, and 
more are probably present. 

The saturated, levorotatory, hindered acids have been found principally 
in the fractions of higher boiling points than C2;-phthienoic acid; however, 
Chromatogram A contains a levorotatory saturated acid (Fractions 9 to 
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13). Although partial esterification of this fraction removed more than 
80 per cent of the acids as esters, the remainder must be largely hindered 
acids for the esterification procedure causes esterification of at least 95 
per cent of any unhindered acids present. Since material eluted in Frac- 
tions 9 to 13 in this chromatogram is almost entirely saturated, at least 
one saturated acid must be present. The material in Fractions 15 and 
16 appears not to be an aliphatic carboxylic acid. 

Chromatograms C, D, and E are acids from fractions, the boiling points 
of which overlap. This situation resulted from the large number of com- 
ponents with similar boiling points and the addition of new fractions during 
the systematic redistillation (2). In Chromatogram C, Fraction 12 is 
about 80 per cent a saturated acid at the Cyo level; however, this is prob- 
ably the same acid as one of the saturated levo acids occurring in Chro- 
matograms D and E. 

The elution patterns in Chromatograms D and E suggest three satu- 
rated acids in each; however, considerably more investigation of the satu- 
rated acids will be necessary in order to determine the number reliably 
and to estimate homogeneity of the fractions. Since the boiling points 
of these fractions overlap, it seems almost certain that some of the same 
acids would appear in the two fractions. The data do indicate, however, 
that the saturated acid in Chromatogram F (Fractions 9 and 3R) is differ- 
ent from any major component in Chromatograms D and E. This acid 
has been identified as the same as the major component in the highest 
boiling fraction of esters previously isolated (2) by distillation. 

From the highest boiling ester and Chromatogram F, it is believed that 
a pure saturated levo acid has been secured. This acid is polymorphic, 
as have been the other acids isolated from the tubercle bacillus; m.p. 19- 
21° or 28-29.5°. The specific rotation is —7.8°, there is no significant 
absorption in the ultraviolet, and the equivalent weight agrees with the 
formula C3;Hg202. These properties are similar to those of the levorota- 
tory acid reported by Chanley and Polgar (8), although these investigators 
did not report polymorphic behavior and did report specific rotations of 
—6.9° or —9.2° after somewhat different methods of saponification of the 
esters. These investigators state that there is “no evidence of the pres- 
ence of a second, closely related laevorotatory acid;” however, our present 
investigations, as well as the work of Anderson and coworkers (13, 14), 
seem to leave little doubt of the occurrence of several saturated levo- 
rotatory acids. Samples of our Cy, acid, purified in the final stages by 
crystallization, presented consistent physical properties. The British 
investigators also report degradative experiments (15) which indicate a 2,- 
4 ,6-trimethyl-substituted acid, which presently appears in conflict with our 
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findings. The esterification procedure used as a part of our isolation was 
continued for 16 hours, and this process has been found to esterify at least 
95 per cent of a sample of 2 ,4-dimethyldocosanoic acid in 5 hours. Failure 
of our acid to esterify indicates either a 2,3-dimethy] structure or a sub- 
stituent larger than methyl in the 2 or 3 position (16). 

Chanley and Polgar (8) have termed their levorotatory acid ‘‘myco- 
ceranic”’ acid, a variation of the name “mycocerosic” originally applied by 
Ginger and Anderson (14) to this type of acid. In order to systematize 
the nomenclature, indicate the saturated nature, and allow for isolation 


TABLE I 
Components of Acid Mixture 
Initial separation by distillation (see (2)); fractions from distillation were sep- 
arated further by partial esterification and chromatography (see ‘‘Experimental’’). 





Methy! ester, approxi- | “ 
mate b.p. Chromatogram Acid components 





| 
°C. at 2 mm. | 
| 
| 
| 


210-230 A,B | Non-conjugated unsaturated 
| Levo saturated 
214 | vs | C25-Phthienoic 
223 | B |  Cag-Phthienoie 
232 “Gy C27-Phthienoic 
240 C Co-Phthienoic 
240-255 | ‘“‘D, E, F Several levo saturated 
Non-conjugated unsaturated 
245-255 E, F | Levo a-methyl-a,8-unsaturated 
258 F C31-Mycosanoic 





* Reference in literature. 


cg 


of similar acids of other molecular weights, we propose the name “‘C3;- 
mycosanoic”’ acid. 

The investigations reported in the present paper make it possible to 
define the pattern of certain of the components present in the fractions 
obtained by fractional distillation of the higher molecular weight acids. 
Application of this information is used in the next paper of this series. 
Location of the various components on a boiling point scale is indicated 
in Table I, in which are included only those components which have been 
reasonably well established in the present work. Although three or four 
hindered, saturated acids are included in the fractions of boiling point 


240-255° at 2 mm. pressure, the present work does not make possible their 


more definite location. 
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EXPERIMENTAL? 


The principal techniques employed are partial esterification, counter- 
current extraction of neutral material, and chromatographic adsorption 
on charcoal. Illustrative procedures for the first two operations are de- 
scribed below for the material used in Chromatogram A. The technique 
used for chromatography has been described in detail in an earlier publi- 
sation (12). Data obtained in each chromatogram are tabulated below. 

Partial Esterification and Removal of Neutral Material—Fractions 2, 3, 
and 4 of the ester from the previous distillation (2), b.p. 198-215° (2 mm.), 
were saponified by heating under a reflux for 2.5 hours with 20 ml. of 10 
per cent ethanolic potassium hydroxide. The working up of the saponi- 
fication mixture yielded 1.763 gm. of yellow oil, which partially solidified 
on standing at room temperature. The total acids were partially esteri- 
fied by being allowed to stand at 23-25° in 50 ml. of absolute ethanol 
which was 0.20 N in sulfuric acid. At intervals of 1 or 2 hours, aliquots 
were removed and titrated for total acid content. After 14 hours, the 
rate of acid consumption had dropped to an insignificant value.* After 
16 hours, the reaction mixture was diluted with 250 ml. of water and ex- 
tracted with three portions of commercial distilled hexane. The extracts 
were washed twice with equal volumes of water, then passed through a 
four-stage Kies-Davis (17) counter-current extraction. The four extrac- 
tion tubes, similar to type A of Kies and Davis, were charged respectively 
with 100 ml. portions of the following: 33 per cent ethanol in water con- 
taining 1 equivalent (based on the approximate molecular weight of the 
acids) of sodium hydroxide; 33 per cent aqueous ethanol containing 0.5 
equivalent of sodium hydroxide; 33 per cent aqueous ethanol; and water. 
After the esterification extract had passed through the tubes, an additional 
liter of hexane was passed through. 

Kvaporation of the hexane extract of neutral material gave 1.097 gm. 

? The microanalyses were made by the Microanalytical Division, Department of 
Chemistry and Chemical Engineering, University of California. The ultraviolet 
spectra were determined with a Beckman model DU quartz spectrophotometer, at 
concentrations adjusted to give optical density readings in the range 0.2 to 1.2. The 
infra-red spectra were recorded on a Baird double beam recording spectrophotometer, 
in carbon disulfide as solvent (the region of 6.2 to 7.2 4, masked by this solvent, is 
not of interest for the compounds being investigated). 

3 A firm basis for the esterification conditions has been established by quantitative 
work on esterification of 2,4-dimethyldocosanoic acid by Dr. C. F. Allen, in con- 
nection with investigations reported in the following paper of this series. In ester- 
ification of this acid, in a thermostat at 25° under conditions here described, a log 
plot of organic acid (total acid minus inorganic acid catalyst) versus time gave a 
reasonably good straight line from which a half esterification time of approximately 


90 minutes was determined. After 6 hours at least 95 per cent of the acid had been 
esterified, 
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of thick yellow oil which partially solidified on standing. Acidification 
of the combined alkaline extracts gave 323 mg. of pale yellow oily acids, 
which were dissolved in 20 ml. of absolute ethanol and applied to a char- 
coal column. Data on chromatography appear under Chromatogram A. 

C3:-Mycosanoic Acid—Fractions 38 and 39 from the previous distilla- 
tion (2), material stripped from the column after distillation to 259° (2 
mm.), weight 0.728 gm., were saponified as described for the material in 
Chromatogram A. Extraction of neutral material without use of the 
counter-current procedure removed 72 mg. of materia] whose properties 
indicated it to be largely the salt of an acid. Recovery of acid from the 
alkaline extracts yielded 607 mg. of partly solid material. One crystalli- 
zation from acetone gave material of m.p. 18-19°, and two additional 
cerystallizations gave 320 mg. of acid of m.p. 19—-20°, with a remelting point 
of 28-29.5°; [a]??> —7.8° + 0.1° (chloroform), no significant absorption in 
the ultraviolet region. 


C3i1H 6202 (466.8). Calculated. C 79.80, H 13.39, equivalent weight 466.8 
Found. “79.89, 13.50, “ “ 475 


Duplicate terminal methyl analyses gave acetic acid corresponding to 
3.21 to 3.24 moles per mole of acid; thus four terminal methyls or three 
branches in the chain are indicated. 

There was no depression in melting point on admixture with the acid 
obtained in Chromatogram F, Fraction 9, and the infra-red spectra of 
these two samples were identical in all respects. 


CHROMATOGRAM A 
Investigation of Ester Fractions 2, 3, and 4 from Previous Distillation (2) 

B.p. 198-215° (2 mm.); average [a]> +3.8°. Partial esterification: 1.763 gm. 
of acid — 323 mg. of unesterified. Chromatography: 323 mg. of acid applied to a 
1.6 X 8 em. column consisting of 7 gm. of Darco G-60-Celite 521 (2:1). Components: 
C25-phthienoic acid of maximal concentration in Fraction 5, which is about 65 per 
cent a,8-unsaturated acid; at least one saturated acid (Fractions 9 to 13); and some 
material (Fractions 15 and 16) not an aliphatic carboxylic acid. 


























tion Be ome sehte" ne r | Kmaxt | [a]; Other propertiest 
| 
ml. mg. mu | 
1 50 0 
2 200 21 212 4.1 | +2.4 | Equivalent weight 376 (C2sH4s0- 
369) ; m.p. 23-25° 
3 30 0 | 
4 350 24 218 11.2 | +7.7 | M.p. 22-25°; I-R§ 12.35 » (weak) 
5 180 30 218 20.0 47.8 | Equivalent weight 381 (CeosH4sO» 
| 381); Kuhn-Roth|) 3.07 moles 
HOAc; I-R§ 10.06, 12.50, 13.28, 
| 15.0 4 
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CHROMATOGRAM A—Concluded 





] } 








tog. (oftams, | Weight”) aS! | acaaat | te Other properties 
ml, mg. mu 

6 150 18 

7 200 24 218 16.3 

8 85 2.5 

9 140 27 218 3.1 


~ 
Loe’ 
to 
— 
oC 
w 
o 
~) 
— 
ie 3) 
iw) 
bo 


13 260 35.2 None —0.8 | Kois 0.7; in I-R, no long wave- 
length bands 

14 95 4.2 
15 240 26.6 I-R, not characteristic of aliphatic 
16 345 22.1 carboxylic acid 























* The eluent was collected in cuts of 25 to 40 ml.; the weight of the solute in each 
cut was determined by evaporation of the solvent, drying, and weighing. As the 
rate of elution became slow, the eluting solvent was changed progressively; at the 
beginning of each fraction in italics, the solvent was changed thus: Fraction 5, 
from absolute ethanol to 5 per cent benzene in ethanol; Fraction 7, to 10 per cent 
benzene; Fraction 9, to 20 per cent benzene; Fraction 11, to 40 per cent benzene; 
Fraction 13, to 80 per cent benzene; Fraction 15, to benzene. 

1 K is e/M.W., i.e. molar extinction coefficient divided by molecular weight. In 
ethanol as solvent, e for a pure a,8-unsaturated acid is about 12,000; hence, K for a 
pure Cz; acid is about 31. In hexane as solvent, ¢ for a pure a,8-unsaturated acid is 
13,000 to 14,000. Unless otherwise indicated, the absorption curves gave a single 
symmetrical maximum. 

¢t Equivalent weights were determined on a sample of acid recovered after its 
aqueous alkaline solution had been counter-currently extracted by the Kies-Davis 
procedure (17). This removes both neutral material and the water-soluble charcoal 
acid (12). 

§ The infra-red spectra, except Fractions 15 and 16, showed the bands character- 
istic of the carboxyl group (3). The most interesting feature of the infra-red spectra 
is occurrence of the long wave-length unsaturation bands, characteristic (18) of 
C2;-phthienoic acid and synthetic 2,4-dimethyl-2-alkenoic acids, at 10.06, 12.50, 
13.26, and 14.92. These are the bands tabulated, if present. 

|| The application of the Kuhn-Roth oxidation for estimation of terminal methyl] 
groups has been carefully investigated by the Microchemical Division in our labora- 
tories((2) foot-note 6). For seven determinations on C27-phthienoic acid, its ester, 
and its hydrogenation product, the smallest value was 2.68 moles of acetic acid per 
mole, the maximum 3.30 moles, and the average 3.02 moles. This average is 75 per 
cent of 4 moles of acetic acid. Four terminal methyls were also indicated in C2;- 
phthienoic acid by quantitative infra-red absorption studies (3) at 7.3 u, the band 
whose absorption has been assigned to the methyl group. 
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CHROMATOGRAM B 
Investigations of Ester Fractions 5 to 8 from Previous Distillation 
B.p. 215-232° (2 mm.); average [a]p +7°. Partial esterification: 1.351 gm. of 
acid — 1.281 gm. unesterified. Chromatography: 1.281 gm. of acid applied to a 3 X 
16 cm. column consisting of 15 gm. of Darco G-60-Celite 521 (2:1). Components: 
C26-phthienoic acid (Fractions 4 and’2R) ; C27-phthienoic acid (Fractions 8 and 6R); 
a non-conjugated unsaturated acid (Fractions 10 and 11). The large amount of char- 
coal used in the initial chromatography gave such slow elution as to suggest addi- 


tional components in Fractions 2 and 6, but rechromatography indicates that this is 
not the case. 

















‘ton pe =" | | Kmaxt le]; Other properties? 
mil. mg. mp | 
1 | 230 1.6 | 
2 350 120 217 23.2 | +8.4 § 
3 100 0.8 
4 520 190 218 26.2 | +12.4 H 
5 45 0.6 
6 | 700 | 150 218 23.6 | +9.7 | I-Rt 10.05, 12.50, 13.25, 
15.0 p§ 
7 180 3.7 
575 | 140 218 22.7 | Equivalent weight 407 
(Ca7H 5202 409); I-Rt 10.05, 
12.5, 13.25, 14.94 
9 110 2.5 
10 840 | 280 
11 600 | 303 218 +2.1 | Kois 14.7, Keio 16.5 (non-con- 
(Shoulder) jugated; unsaturation) ; 
I-Rt 13.25 uw (weak) 
1R | 390 132 217 29.6 | +11.8 | Equivalent weight 403; Kuhn- 
Rotht 2.90, 2.92 moles 
HOAc 
2R | 250 100 217 22.5 | +11.2 
3R | 325 15.9 
4R | 150 5.5 
5R | 230 13.7 
6R 380 84 218 17.2 +8.7 
7R 660 19.5 














* The eluent was changed at the fractions in italics as follows: at Fractions 4 and 
2R, from absolute ethanol to 5 per cent benzene in ethanol; at Fractions 6 and 4R, to 
10 per cent benzene; at Fractions 8 and 5R, to 20 per cent benzene; at Fraction 6R, to 
40 per cent benzene; at Fraction 10, to 50 per cent benzene; at Fraction 7R to 80 per 
cent benzene; at Fraction 11, to benzene. Otherwise elution was as in Chromato- 
gram A, foot-note. 

{ Same as in Chromatogram A, foot-note. 

¢ The samples used for titration to determine equivalent weights were either 
molecularly distilled or subjected to counter-current extraction in alkaline solution 
in the Kies-Davis apparatus (17). 
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CHROMATOGRAM B—Concluded 
§ Rechromatography of 360 mg. of Fractions 2, 6, and 8 on 6.5 gm. of adsorbent 
mixture, as at the end of the table, indicates that Fractions 2 and 4 contain pre- 
dominantly the same component as do Fractions 6 and 8. 
|| For this fraction, which is about 77 per cent a,8-unsaturated, equivalent weight 
396 (CosH5002 395); C 79.01, H 13.31 (calculated, C 79.11, H 12.77); Kuhn-Roth (see 
Chromatogram A, foot-note) 3.09 moles of HOAc; I-R (see Chromatogram A, foot- 
note) 10.08, 12.50, 13.25, 15.0 uw. 


CHROMATOGRAM C 
Investigation of Ester Fractions 26 to 27 

B.p. 233-244° (2 mm.); average [a]> +8.6°. Partial esterification: 1.327 gm. of 
acid — 1.046 gm. unesterified. Chromatography: 1.046 gm. of acid, applied to a 
2.5 X 11.5 em. column of 15 gm. of Darco G-60-Celite 521 (2:1). Components: Ce9- 
phthienoic acid containing four branches in the chain (Fractions 4, 5, and 3R, the 
latter 90 per cent a,8-unsaturated); one or two more strongly adsorbed a,8-unsatu- 
rated acids (Fractions 7 to 10); saturated Cz acid (Fraction 12 only 20 per cent a,8- 
unsaturated), probably with low levo rotation. 


























‘Gon By 4 — of erga Kmaxt | [aJ2° Other propertiest 
ml. mg. my 

1 95 0.8 

2 300 54 218 22.2) +7.5 

3 95 1.6 

4 210 28 218 26.1 | +14.1 | I-Rf 10.05, 12.48, 13.25, 14.9 
§ 450 171 218 25.2 | +13.9 

6 110 2.9 

7 425 128 218 19.7 | +11.3 

8 150 10.7 

9 7 230 218 10.6 | +8.5 | I-Rft 10.05, 12.48, 13.25, 14.9 p 
10 450 138 218 10.2 | +8.2 

ll 155 9 

12 625 228 217 6.3 | +2.4 | Equivalent weight 456 

(CsoH 6002 453) 
13 660 | 30 | | I-Rt no long wave-length bands 
| 

1R | 280 | 1.4 | 

2R | 175 | 1.6 

8R |} 260 | 170 218 26.9 | +14.4 | Equivalent weight 440 

| | (CopH 5602 437); Kuhn-Roth| 
| | 3.44, 3.40 moles HOAc 
4R | 130 | 20 218 | 24.3 
6R | 220 | 25 218 =| 18.9 





* The eluent was changed at the fractions in italics as follows: at Fraction 4, to 2 
per cent benzene in ethanol; at Fraction 5, to 5 per cent benzene; at Fraction 7, to 
10 per cent benzene; at Fraction 9, to 20 per cent benzene; at Fraction 10, to 40 per 
cent benzene; at Fraction 12, to 80 per cent benzene; at Fraction 13, to benzene; in 
rechromatography, at Fraction 2R, to 1 per cent benzene; at Fraction 3R, to 2 per 
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CHROMATOGRAM C—Concluded 


cent benzene; at Fraction 5R, to 5 per cent benzene. Otherwise elution was as in 
Chromatogram A, footnote. 

t Same as in Chromatogram A, foot-note. 

¢t Equivalent weights were determined on the fraction after molecular distillation 
or extraction in a Kies-Davis (17) apparatus. 

§ For this fraction, equivalent weight 446 (C2.H5¢602 437); I-R (see Chromatogram 
A, foot-note) 10.05, 12.48, 13.25, 14.9 u; Fractions 4 and 5 rechromatographed on 4.9 
gm. of adsorbent mixture, Fractions 1R to 5R at the end of the table. 

| Indicates five terminal methyl groups (see Chromatogram A, foot-note). 


CHROMATOGRAM D 
Investigation of Ester Fractions 28 and 29 


B.p. 244-247.5° (2 mm.); average [a]> —0.6°. Partial esterification: 708 mg. of 
acid — 675 mg. unesterified. Chromatography: 675 mg. of acid applied to a column 
of 7 gm. of adsorbent mixture. Components: two or three saturated levo acids 
(Fractions 2, 3, 5, and 7); in Fractions 2 and 3, low absorption at 215 to 220 my (15 
per cent a,8-unsaturated acid), and dextro rotation of Fraction 3, indicate that the 
major component is a saturated levo acid eluted at low concentrations of benzene; 
none of the fractions show significant infra-red absorption in the region of long wave- 
length unsaturation bands. 











Fraction No.* Volume of eluent | Weight of solute | —" Kmaxt | {a)2° 

mil. | mg. | mp | | 

1 480 | 5 | | | 

2 500 39 216 4. —3.1 

3 520 153 218 | 51 | 41.0 

4 40 | 1.7 | | 

5 | 40 | 20 | as | 34 | -26 

6 500 | 62 220 | 1.2 | 3.2 

7 550 | 155 218 1.4 | 2.1 

8 900 36 | 








* The eluent was changed at the fractions in italics as follows: at Fraction 2, to 

5 per cent benzene in ethanol; at Fraction 3, to 10 per cent benzene; at Fraction 5, 

to 20 per cent benzene; at Fraction 6, to 40 per cent benzene; at Fraction 7, to 80 per 

cent benzene; at Fraction 8, benzene. Otherwise as in Chromatogram A, foot-note. 
+ Same as in Chromatogram A, foot-note. 


CHROMATOGRAM E 
Investigation of Ester Fractions $2 and 38 


B.p. 231-248° (2 mm.); average [a]> —0.8°. Partial esterification: 649 mg. of 
acid — 575 mg. unesterified. Chromatography: 575 mg. of acid applied to a 1.6 X 
10 cm. column of 9 gm. of adsorbent mixture. Components: two or three saturated 
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CHROMATOGRAM E—Concluded 


levo acids (Fractions 6, 10, 12, 13); a small amount of a levo a,§-unsaturated acid, 
with three branches in the chain, strongly indicated in Fraction 4; a second levo 


a,8-unsaturated acid is possible in Fraction 8; Fraction 2 contains a non-conjugated 


unsaturated component. 

















Frac- | Volume | Weight of | heptane 20 | 
| fo eluent | sabato | ‘max Kmast | le}p | Other propertiest 
| 
ml. | mg. mu 
120 | 1.3 
2 320 68 217 7.9 | —0.8 | Kos 7.5, Keio 9.0 (non-conju- 
gated, unsaturation) 
3 95 2.3 | 
4 475 32 217 11.4 | —5.4 t 
5 30 0.2 
6 480 142 217 6.3 | —3.1 | I-Rft no long wave-length bands 
7 120 3.4 
8 325 69 218 8.4 | —3.7 
9 200 4.9 
10 | 310 | 26 219 4.2 | —4.6 
11 450 10.5 
12 | 475 | 130 | 
13 








525 117 | None | —4.9 | Equivalent weight 508 
| | |  (CssH6eO2 495); C 80.07, H 12.80 
accents C 80.09, H 13. ” 





* The Sate was changed at the fractions in italies as follows: At Fraction 4, the 
eluent was changed to 5 per cent benzene in ethanol; at Fraction 6, to 10 per cent 
benzene; at Fraction 8, to 20 per cent benzene; at Fraction 10, to 40 per cent benzene; 
at Fraction 12, to 80 per cent benzene; at Fraction 13, to benzene. Otherwise same 
as in Chromatogram A, foot-note. 

{ Same as Chromatogram A, foot-note. 

t Equivalent weight 440 (CosHseQ2, 437); Kuhn-Roth (see Chromatogram A, 
foot-note), 3.07 moles of HOAc; ¢ of 5000 indicates 37 per cent content of a,B8-un- 
saturated acid; I-R 10.05 (weak), 13.25 u. 


CHROMATOGRAM F 
Investigation of Ester Fractions 34 to 37 


B.p. 248-259° (2 mm.); average |a]> —1.8°. Partial esterification: 1.071 gm. of 
acid — 661 mg. unesterified. Chromatography: 661 mg. of acid applied to a 1.6 X 
11 em. column of 10 gm. of adsorbent mixture. Components: the major constituent 
is Cs;-mycosanoic acid (Fractions 7 to 9 and 3R); a smaller amount of a Czo levo 
saturated acid is indicated in Fraction 6, and an a,B-unsaturated levo acid (probably 
mixed with a dextro a,8-unsaturated acid) in Fraction 4; traces of two non-conju- 
gated unsaturated acids (Fractions 2 and 8), 
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CHROMATOGRAM F—Concluded 











—— B nfome “ae | —" | Kmaxt [a)3° | Other propertiest 
ml. meg. | mp | 
1 95 0.2 
2 185 14 | None Kin 3H, Kae SS, Kes 65 
(non-conjugated, unsatu- 
| | | ration) 
3 400 10 | 217 16.7 | 
4 425 30 | 219 20.3 —2.1 | 66% a,B-unsaturated (calcu- 
| | lated for Cog); I-Rt 13.15 u 
only long wave-length band 
5 475 59 =| 217 | 14.9 | —3.4 
6 450 44 216 2.4 | —4.8 | Equivalent weight 452 
(CsoH 6002 453); C 79.13, H 
13.84 (calculated; C 79.53, 
H 13.35); 8% a,B-unsatu- 
rated 
¥ 525 121 216 1.8 | —3.9 t 
8 600 125 225 7.6 | —4.9 | Keeo 7.5, Keio 9.0 (non-conju- 
gated, unsaturation) 
9 600 94 None —7.9 § 
1R 400 2.7 
2R 425 83.1 216 2.1 | —5.6 
3R 400 169 None —7.2 
4R 525 9.9 























* The eluent was changed at the fractions in italics as follows: at Fraction 4, to 
5 per cent benzene in ethanol; at Fraction 5, to 10 per cent benzene; at Fractions 
6 and 1R, to 20 per cent benzene; at Fractions 7 and 2R, to 40 per cent benzene; at 
Fractions 8 and 3R, to 80 per cent benzene; at Fractions 9 and4R, to benzene. Other 
wise the same as in Chromatogram A, foot-note. 

¢t Same as in Chromatogram A, foot-note. 

¢ Fractions 7 and 8 rechromatographed on 6 gm. of adsorbent mixture; Fractions 
1R to 4R at the bottom of the table. 


§ M.p. 27-28°; after crystallization from acetone, m.p. 18.5-20°, remelting point 
28-29°; see the text for identification with C3:-mycosanoic acid. 


SUMMARY 


Further investigation of the acids from tubercle bacillus, which contain 
more than 20 carbon atoms, has verified the extreme complexity of the 
mixture. Evidence has been presented for the presence of at least thirteen 
acids in this mixture, of which at least nine are unsaturated acids. 

Fractions have been obtained consisting of 65 to 90 per cent concentra- 
tions of a C25-phthienoic acid, a Ces-phthienoic acid, and a Cz-phthienoic 
acid. The latter probably has one more branch in the chain than do the 
other phthienoic acids. 
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Of the several levorotatory saturated acids present, one acid termed 
Cs:-mycosanoic acid has been isolated in a pure condition. Analysis for 
| terminal methy! indicates three branches in the chain of this acid, and 
hindrance to esterification indicates either methyl groups in both the 2 


and 3 positions or a larger group in one of these positions. 
6.5 
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PERSISTENT CHARACTERISTICS OF THE HIGHER 
FATTY ACIDS FROM THE LIPIDES OF THE 
TUBERCLE BACILLUS* 


By C. FREEMAN ALLEN anp JAMES CASON 


(From the Chemical Laboratories of the University of California, Berkeley, 
and of Pomona College, Claremont, California) 


(Received for publication, October 10, 1955) 


The physiologically active, a,8-unsaturated Cz;-phthienoic acid was 
first separated in these laboratories (1) from the higher fatty acids isolated 
from the tubercle bacillus at an earlier date by Spielman and Anderson 
(2). In recent investigations (3), the mixture of acids with molecular 
weights above Coo, from which this acid was isolated, has been found to 
contain more than 1 dozen fatty acids, of which at least nine are unsatu- 
rated acids. Investigation (4) of three additional lots of virulent strains 
of tubercle bacillus has demonstrated in each a complex mixture of fatty 
acids containing more than 20 carbon atoms. In each of these lots of 
acids, however, there was present a significant quantity of a,8-unsaturated 
acids at the Cz, level. 

The present investigation is concerned with examination of the fatty 
acids from two other virulent strains of tubercle bacillus. In each in- 
stance, there has been encountered a complex mixture of higher molecular 
weight fatty acids containing a significant amount of a,f-unsaturated 
acids at the Cz; level. Furthermore, there have been isolated from the 
combined fractions samples of C2;-phthienoic acid identical in all respects 
with the Cz-phthienoic acid isolated from bacteria grown more than 20 
years ago. Thus, the persistent occurrence of this physiologically active 
acid is demonstrated, as is the complexity of the mixture of acids with 
molecular weights above Cop. 

In Tables I and II are presented the distillation patterns obtained in the 
present work. In each of these will be noted the same major groups of 
components as encountered in previous work: methyl palmitate, esters of 
Cis and Cy acids, and higher molecular weight esters containing a,{- 
unsaturation. In Fig. 1 appear the distillation profiles for the higher 
molecular weight esters. In these profiles will be noted the occurrence 
of a dextrorotatory ester boiling near 232° (2 mm.), the boiling point of 
methyl C27-phthienoate. There are also present large amounts of the 


* This investigation was supported in part by a research grant (No. E-86) from 
the National Institutes of Health, United States Public Health Service. This is 
Paper XXXIV in the series entitled ‘‘Branched chain fatty acids.” 
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TABLE I 
Fractional Distillation of Esters of Acids from Organisms from Bio-Research 
Laboratories 
— B.p. (mm.) Weight Total Composition 
~. gm. per cent a 
1 153-155 (3) 1.027 20.9 | Methyl palmitate 
3 163-168 (3) 0.388 Intermediate 
3,4 168-181 (3) 0.925 18.9 | Esters of Cis and Cy acids 
5, 6 181 (3)-223 (2) 0.464 Intermediate 
7-15 223-258 (2) 1.673 ee 7 a a 
Stslooing ond 0.422 42.7 | Esters of acids above Coo 
washing of 
column 
Totalf..... ye ee ....| 4.899 








* The distillation profile for Fractions 7 to 15 is shown in Fig. 1, Profile I; [a]? 
(chloroform) for Fractions 8, 11, and 12 to 15 were respectively +2.84°, —1.06°, 
—4.05°. 

+ Total charge to the column was 5.09 gm., and there was a distillation residue 
of 0.17 gm. The charge for this distillation consisted of the total esters previously 
distilled by evaporation at a temperature up to 205° at 0.05 mm. pressure. 


























TABLE II 
Fractional Distillation of Esters of Acids from Organisms from Wyeth Laboratory 
. ~~ B.p. (mm.) Weight Total Composition 
i > gm. per cent 
1 154-160 (3) 0.474 13.9 | Methyl palmitate; 0.4 gm. at 155- 
157° 
2 160-173 (3) 0.185 Intermediate 
3 173-184 (3) 0.723 21.2 | Esters of Cis and Cy acids 
4 184 (3)-210 (2) 0.177 Intermediate 
5-14 210-254.5 (2) 1.437 ais ail oe 
Stripping and 0.420 54.3 | Esters of acids above Coo 
washing of 
column 
Totalf...... ..| 3.416 








* The distillation profile for Fractions 5 to 14 is shown in Fig. 1, Profile II; [a]? 
(chloroform) for combined Fractions 5 and 6, 7 and 8, 9 to 11, and 12 and 13 were 
respectively +0.96°, +4.66°, +3.49°, and +0.12°. 

t There was also a distillation residue of 0.63 gm.; esters charged to the colump 
had not been distilled previously. 
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levorotatory esters boiling at about 240° and the levorotatory esters boiling 
near 260°. Careful investigation of material of these latter types has 
been reported in the preceding paper of this series (3). The low rotation 
of fractions boiling near 240° also suggests the presence of considerable 
quantities of methyl n-hexacosanoate, which boils at about 238° at this 
pressure. 

A more definitive picture of composition has been secured by systematic 
redistillation of the fractions in Fig. 1, with appropriate addition of ma- 
terials obtained in earlier investigations (4). Distillation profiles for three 
systematic redistillations are presented in Fig. 2, and in Table III are 
assembled pertinent physical properties of fractions obtained in the final 
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Fig. 1. Distillation of methyl esters of acids above C2o from virulent strains of 
the tubercle bacillus. Profile I represents distillation of Fractions 7 to 15, Table I; 
Profile II, distillation of Fractions 5 to 14, Table IT. 


redistillation, Profile III. The profiles for the successive redistillations 
show the progressive sorting out of the numerous components present. 
Several of these components may be correlated with the constituents 
characterized in the careful investigation (3) of the esters initially iso- 
lated by Spielman and Anderson. In particular, there are indicated 
C.s-phthienoic acid, Fraction 2; Co.-phthienoic acid, Fraction 4; and Cz- 
phthienoic acid, Fractions 6 and 7. As before, numerous other acids are 
indicated and levorotatory material is encountered near 240°. Also, the 
a,8-unsaturated fractions are the dextrorotatory components boiling be- 
low 240°. 

Since the fractional distillation in Fig. 2, Profile III, indicates that 
methyl C2;-phthienoate is located in Fractions 6 and 7, these fractions were 
selected for isolation of C2;-phthienoic acid. Acids obtained by saponifi- 
cation of these fractions were subjected to partial esterification and chro- 
matography on charcoal, according to the techniques previously described 
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(3). From each of these fractions was isolated Cx-phthienoic acid, which 
was compared with the best sample obtained from the material of Spiel- 
man and Anderson. The two samples are identical in melting point (two 
polymorphs), optical rotation, ultraviolet spectrum, and infra-red spec- 
trum. Both samples, subjected to these more refined techniques for puri- 
fication, had a slightly higher optical rotation (+19.6°) than had pre- 
viously been secured (+17.8°). The numerous criteria which have been 
applied indicate that these samples are in a highly homogeneous condition. 
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Fig. 2, Systematic redistillation of combined lots of methyl esters above Cu 
from virulent strains of tubercle bacillus. Profile I represents distillation of the 
following combined fractions: Fractions 5 to 15 and column strippings, Table I; 
Fractions 4 to 14 and column strippings, Table II; Fractions 9 to 13, Fig. 2 in refer- 
ence (4). Profile II represents systematic distillation of the following fractions, 
each added to the pot as the boiling point reached an appropriate point: esters in 
Profile I, total volume 6.95 ml.; Fractions 15 to 18, Fig. 1 in reference (4), weight 
2.49 gm. Profile III represents systematic redistillation of the fractions in Profile 
II; properties of these fractions are recorded in Table III. 


EXPERIMENTAL! 


Processing of Bacteria—Each lot of bacteria was processed as described 
previously (4). The cells from the Bio-Research Laboratories,? wet weight 


'! The distillations were carried out on the 4 foot column which has been described 
in detail (5); the boiling points are corrected. The ultraviolet spectra were de- 
termined with a Beckman model DU quartz spectrophotometer, in spectroscopically 
pure heptane, at concentrations adjusted to give optical density readings in the 
range 0.2 to 1.2. The infra-red spectra were recorded on a Baird double beam re- 
cording spectrophotometer or a Perkin-Elmer model 21 double beam recording 
spectrophotometer, in carbon disulfide as solvent (the region of 6.2 to 7.2 4, masked 
by this solvent, is not of interest for the compounds being investigated). 

? The organisms from the Bio-Research Laboratories, Berkeley, California, were 
cell residues from preparation of old tuberculin, with strain DT, from the Bureau of 
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738 gm., yielded 16.1 gm. of lipides, which gave upon saponification 6.23 
gm. of fatty acids. The cells from Wyeth, Incorporated,? wet weight 
482 gm., yielded 12.0 gm. of lipides, which upon saponification gave 4.10 
gm. of fatty acids. Each lot of acids was esterified as before (4), and 
the esters were distilled through the 4 foot column (5). The data are 
assembled in Tables I to III and Figs. 1 and 2. 

Cx;-Phthienoic Acid from Fractions 6 and 7, Fig. 2, Profile III—The 
isolation of C2;-phthienoic acid from Fraction 7 is described in detail. 














TaB.Le III 
Properties of Fractions in Fig. 2, Profile III 
Fraction No. Volume* | B.p. (2.0 mm.) [a]? (CHCls) Ultraviolet absorptiont 
ml c. Amaz, mp | de 
1 0.68 183-205 
2 0.85 205-217 +7.50 216 5000 
3 0.60 217-222 216 7900 
4 0.40 222-223 .5 +6.70 
5 0.65 223 .5-228 
6 0.75 228-230 +10.64 216 8650 
7 1.10 230-233 +10.90 
8 0.90 233-236 +7 .24 216 6500 
9 0.85 236-238 215 3100 
10 0.60 238-240 —0.61 214 2150 
ll 0.70 240-247 
12 0.50 Stripping and 
washing of col- 
umn 




















* The density of these fractions is slightly less than unity. 

¢ All absorption curves showed a single maximum at the wave-length indicated. 
No non-conjugated unsaturation was indicated (absorption decreased at wave- 
lengths below the maximum). 


Included is the description of an unsuccessful attempt to isolate entirely 
pure acid without use of partial esterification or chromatography on char- 
coal; these investigations indicate that this fraction of narrow boiling 
range contains several components, including two closely related a,8-un- 
saturated acids. 

Fraction 7 (volume 1.1 ml.) was dissolved in 5 ml. of isooctane con- 
taining 1 per cent methanol by volume. This solution was passed suc- 





Animal Industry, Washington, D.C. We are indebted to Mrs. Ruth M. Chesbro for 
supplying these organisms. The organisms from Wyeth, Incorporated, Marietta, 
Pennsylvania, were culture M-920, grown on a veal medium with 5 per cent glycerine, 
with a strain first isolated by Ravenel and Gilliland in 1899. We are indebted to 
Dr. J. H. Brown for supplying these organisms. 
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cessively through two 1 cm. diameter columns, each containing 5 gm. of 
—80 mesh urea, according to the previously described procedure (4). The 
esters were washed through with isooctane. Evaporation of the eluent 
gave 622 mg. of esters, which were saponified by refluxing for 1 hour with 
0.7 gm. of potassium hydroxide in 8 ml. of 95 per cent ethanol. The 
saponification mixture was diluted with 10 ml. of water, titrated with 
dilute nitric acid to a phenolphthalein end-point, and adjusted to a volume 
of 45 ml. The solution was warmed to 40° to bring the potassium salt 
completely into solution, then 0.307 gm. of lead acetate trihydrate was 
added. The lead salts were precipitated as a yellow oil, which was sepa- 
rated by centrifugation, then washed twice with water. The dried lead 
salts were triturated with two 25 ml. portions of ether, which dissolved all 
but 18 mg. of the salt. The soluble lead salts were decomposed by shaking 
the ether solution with dilute sulfuric acid, and the recovered acids were 
again subjected to the lead salt treatment. Less than 1 mg. of ether- 
insoluble lead salt was formed. Acids recovered from the final lead salt 
treatment weighed 515 mg. 

The acids from the ether-soluble lead salts were systematically recrys- 
tallized from acetone to yield fractions which included the following three 
fractions: weight 62.0 mg., m.p. 20-22°, [a]? + 11.8°, Amax (€) 218 (11,930); 
weight 200.6 mg., m.p. 20-22°, [a] + 16.4°; weight 68.6 mg., m.p. 21-23°, 
Amax (€) 218 (10,930). 

According to these data, the first of these fractions consists of a nearly 
pure sample of a,8-unsaturated acid which has a considerably lower rota- 
tion than Cz;-phthienoic acid. 

Since these procedures failed to yield an entirely pure sample of Cz;- 
phthienoic acid, the three main fractions from crystallization were com- 
bined and partially esterified as previously described (3). From the 
partial esterification there were obtained 110 mg. of neutral material and 
226 mg. of acidic material. The acids were chromatographed on 5.6 gm. 
of a 1:2 mixture of Darco G-60 and Celite 521, by the procedure which 
has been described in detail (6). Chromatographic data are assembled in 
Table IV. 

Fractions 2 and 3, Table IV, eluted in the region characteristic (3) of 
Cz;-phthienoic acid, solidified after standing for about 1 day at 30°. The 
combined material had the following properties: m.p.* 39-41.5°, remelting 


3 In order to conserve material, melting points were determined on a micro hot 
stage. As reported previously (1), storage at about 30° gave the high melting poly- 
morph, and this was also obtained directly by crystallization in the present work, by 
seeding the solution with the high melting form. The remelting point of 19-21° 
reported in the present work was obtained immediately after the melt had been crys- 
tallized by rapid cooling. The melting point of 26-27°, reported previously (1), is 
obtained by low temperature crystallization from acetone without seeding with the 
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point 19-21°; Amax 218 my, € 12,900; [a]%” +18.9° + 0.44° (chloroform). 
After this sample had been crystallized twice from acetone, the properties 
were as follows: m.p. 39.5-42°, remelting point 19-21°; Amax 218 my, e 
13,200, [a]? +19.6° + 0.1° (chloroform), equivalent weight 412 (calculated 
409), long wave-length bands in the infra-red spectrum, 10.07, 12.50, 
13.30, 14.93 yu. The entire infra-red spectrum was superimposable on 
that of the sample of Cz-phthienoic acid from the acids of Spielman and 
Anderson, isolated as described below. 

Fraction 6 was processed similarly by use of absorption on urea, frac- 
tionation of lead salts, and partial esterification, to yield 146 mg. of esters 











TABLE IV 
Chromatography of Co7-Phthienoic Acid Concentrate 
a om i ae 
yee Eluent | Volume of | Weight eluted*| max (K)t 
-_ ri; anna ; . | " mi. | mg. | mu 
1 | 95% ethanol 300 19.6 
2 Absolute ethanol | 300 | 56.6 | 218 (31.3) 
3 4% benzene in ethanol 210 35.5 218 (31.8) 
— = <= 200 «| «836.3 = | 
5 125% * " “ 200 19.2 | 218 (30.2) 
6 Benzene 580 | 38.3 218 (30.1) 
2 Hot benzene 14.0 











* The solvent in each fraction was evaporated, and the residue was dissolved in 
hexane, which left ‘‘charcoal acid’ (6) undissolved. Hexane-soluble material was 
weighed. 

+ K is the molar extinction coefficient divided by molecular weight; the molar 
extinction coefficient is determined by multiplying K by molecular weight (409 for 
C.27-phthienoie acid). 


and 269 mg. of acids. When the total acids were chromatographed on 
charcoal, there were eluted with absolute ethanol one fraction, weight 
72.9 mg., K = 25.0, and a next following fraction of 41.8 mg., K = 29.9. 
The remainder of the elution pattern was similar to that in Table IV. 
After the fraction with K = 29.9 had been crystallized twice from acetone, 
the Cz-phthienoic acid so obtained had the properties: m.p. 39.5-41.5°, 
remelting point 19-21°; [a]%° +19.5° + 0.4° (chloroform). 

Cx-Phthienoic Acid from Acids of Spielman and Anderson—Presently 
employed techniques have made possible isolation of pure Cx;-phthienoic 
acid from fractions less rich in this substance than previously required. 
For this purpose, there were combined Fractions 9 to 12, and Fraction 21 





high melting form. These data indicate the existence of three polymorphic forms of 
C27-phthienoie acid. 
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from distillation of the esters of Spielman and Anderson (see (1), Table I). 
These fractions had an average specific rotation of about 10.5°. Efforts to 
obtain pure Cz;-phthienoic acid by urea absorption and fractional crystal- 
lization gave best fractions with specific rotations no higher than 17°. 

A sample of 602 mg. of the combined acids from these fractions, when 
subjected to partial esterification, yielded 208 mg. of esters and 413 mg. 
of acids with a specific rotation of 16.7°. Chromatography of these acids 
on 8.55 gm. of a 1:2 mixture of Darco G-60 and Celite 521 gave an elution 
pattern similar to that in Table IV. Material eluted with absolute ethanol 
and 2 per cent benzene in ethanol weighed 274.4 mg., Amax 218 my, K in 
the range, 29.2 to 30.5. Two crystallizations from acetone of material 
from the middle fractions (weight 172.1 mg.) gave acid with the following 
properties: m.p. 39.5-41.5°, remelting point 19-22°; Amax 218 muy, € 13,200; 
[a}?> +19.6° + 0.1° (chloroform). These properties and the infra-red 
spectrum are identical with the properties recorded above for acid from 
bacteria grown recently. 


SUMMARY 


The fatty acids from the lipides of two additional virulent strains of 
tubercle bacillus have been examined, and the same pattern of composi- 
tion has been found as reported for strains previously investigated. The 
components are palmitic acid, Cig and Ci, acids, and a complex mixture 
of dextrorotatory and levorotatory acids above Cop. 

The acids above C29 contained a significant amount of dextrorotatory 
a,8-unsaturated acid in the boiling range of C2;-phthienoic acid, but such 
acids of other molecular weights were also present. 

From combined lots of virulent strains of tubercle bacillus grown re- 
cently, there was isolated pure C2;-phthienoic acid, identical in melting 
point, optical rotation, ultraviolet spectrum, and infra-red spectrum with 
the Cx-phthienoic acid separated from acids isolated by Spielman and 
Anderson. 
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METABOLISM OF CHOLESTEROL IN THE CHICK EMBRYO* 


II. ISOLATION AND CHEMICAL NATURE OF TWO 
COMPANION STEROLS 


By WILLIAM M. STOKES, WILLIAM A. FISH, anp 
FREDERICK C. HICKEY, O. P. 


(From the Medical Research Laboratory of Providence College, 
Providence, Rhode Island) 


(Received for publication, September 7, 1955) 


Previous work (1-9) has shown that, shortly after administration of 
acetate-1-C™, the non-saponifiable fraction of intact animals, perfused 
organs, and yeast contains highly labeled substances. These have been 
implicated as direct precursors of cholesterol since efficient conversion of 
some of these substances to cholesterol has been demonstrated in vivo (5, 6). 
One of these substances has been identified as squalene (5, 10); another 
fraction closely resembles cholesterol in that it is precipitated together 
with cholesterol digitonide and is difficult to separate from cholesterol by 
physical means. 

The present authors found that the digitonide fraction of chick embryos 
from eggs injected up to 32 hours previously with labeled sodium acetate 
contained similar substances (11). This paper describes the isolation and 
characterization of two new sterols from the sterol mixture of 14 day-old 
chick embryos. The high specific activities and the structures of these 
companions of cholesterol make them plausible cholesterol precursors and 
intermediates in sterol metabolism. 


Methods 


Injection with Sodium Acetate-1-C'—Sodium acetate-1-C' was prepared 
by the method of Lemmon (12). Fertile eggs were injected, as previously 
described (11), with 5 mg. of acetate per egg. 

Hydrolysis of Tissuwe—The pooled embryos and membranes (amnion 
and chorio-allantois) were hydrolyzed by adding a kilo of KOH pellets 
and a liter of 95 per cent ethanol for each kilo of tissue and refluxing under 
nitrogen on a steam bath for 2 hours. The cooled hydrolysate was first 
extracted with 600 ml. of diethy! ether for each kilo of tissue. The aqueous 


* This work was supported by grants-in-aid from the American Cancer Society, 
upon recommendation of the Committee on Growth of the National Research Coun- 
cil, by the American Heart Association, the Jane Coffin Childs Memorial Fund for 
Medical Research, the Damon Runyon Memorial Fund for Cancer Research, Inc., 
and the Rhode Island Cancer Society. 
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phase was then extracted twice with 300 ml. of ether, and the dark colored 
pooled ether extract was washed repeatedly with small portions of water 
until light yellow, then allowed to stand over Drierite overnight, and 
filtered through glass wool. The ether was taken off under nitrogen on a 
steam bath, leaving a mixture of crystals and yellow oil. 

Formation and Cleavage of Digitonides—Digitonides were prepared by 
the method of Windaus (13) and dried to constant weight in a vacuum 
oven at 60°. The factor, 0.25, was used whenever necessary to convert 
digitonide weight to sterol weight (14). Large digitonide fractions were 
cleaved by the method of Bergmann (15), with the modification that the 
sterol was dissolved by adding dry ether to the flask and triturating the 
residue. Small digitonide fractions were cleaved by the method of Schoen- 
heimer and Dam (16). The ether was removed under nitrogen, and the 
sterol was dried to constant weight in vacuo at 60°. 

Preparation of Steryl p-Iodobenzoates-I“*\—A 20 per cent molar excess of 
p-iodobenzoy! chloride-I'** was added to the dried sterol (taken as choles- 
terol), and the mixture was dissolved with warming in dry pyridine and 
left overnight at 55° (17). The esters were recovered by adding an excess 
of water to the reaction mixture, filtering out the crystals, washing them 
with water, cold 10 per cent NagCO; solution, and again water, and drying 
in vacuo to constant weight at 60°. 

Chromatography—Unless otherwise specified, the steryl p-iodobenzoate- 
I'3t mixtures were chromatographed on columns of 2:1 silicic acid-Celite 
503 (18), pretreated with 1 hold-up volume of 1:10 benzene-Skellysolve C. 
The developer was Skellysolve C, treated to remove unsaturated hydro- 
carbons (19). It was drawn through the column by reducing the pressure 
in the receiver to 120 mm. of Hg. The progress of development was 
visualized by repeated surveys down the length of the column with a scin- 
tillation counter traveling at approximately 1 cm. per minute, the count- 
ing rate at each level being recorded by a strip chart recorder (18). 

The ester zones were located and cut from the column with a hot wire. 
The adsorbent was packed into small columns, and the esters were eluted 
with benzene or benzene-ethanol until samples of the eluates showed only 
traces of I'* activity when tested in a well type y-ray counter. 

Equivalent Weight Determination—The I" specific activities of crystalline 
compounds recovered from the column are inversely proportional to their 
equivalent weights. The specific activities of samples of unknown esters 
and of cholesteryl p-iodobenzoate-I"', prepared from the same labeled 
p-iodobenzoy] chloride-I!, were determined by precise weighing and y-ray 
counting (20). The equivalent weights of unknown compounds were then 
caleulated by a comparison of the ratios of their specific activities to that 
of cholestery] p-iodobenzoate-I", the equivalent weight of which is 616.65, 
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Recovery of Sterols and Counting of Sterol Digitonides'—Hydrolyses of the 
steryl p-iodobenzoates were carried out under the conditions recommended 
by Idler and Baumann for steryl p-phenylazobenzoates (21). The ben- 
zene or benzene-ether extracts of these hydrolysates were allowed to stand 
for 1 hour over Drierite, were filtered, and the solvent was evaporated, and 
the residues converted to digitonides. After standing overnight, the digi- 
tonides were filtered out on fritted glass disks by the method described by 
Van Slyke et al. (22), washed, without being allowed to run dry, with 5 ml. 
of 90 per cent ethanol and 5 to 10 ml. of 1:1 ether-acetone, and oven-dried 
at 110°. The dried filter cake (1.505 sq. em. in area, weighing 2 to 20 
mg.) was generally non-adherent to the fritted glass and could be trans- 
ferred quantitatively to weighed aluminum planchets for weighing and 
counting. An Amperex model G-60 thin window counter was used, and 
the counting period was of a duration sufficient to give duplicate counts 
agreeing within 2 per cent. Counts were corrected to infinite thinness by 
the method of Gora and Hickey (23). 


EXPERIMENTAL 
Isolation and Preliminary Study of High Counting Fraction 


Tsolation—Preliminary examination of the labeled sterols by twenty 
tube counter-current distribution between petroleum ether and aqueous 
ethanol showed that the digitonin-precipitable high counting companions 
of cholesterol were concentrated in the slower moving (more polar) frac- 
tion. Subsequently, chromatography of the p-iodobenzoates-I"** was em- 
ployed to isolate the high counting fraction (HCF). 

Ten 11 day-old embryos were injected with acetate having a specific 
activity of 4.9 X 10° ¢.p.m. per mg. They were sacrificed 16 hours later 
and pooled with twenty-four untreated embryos. The non-saponifiable 
fraction was isolated as described above, except that 20—40° petroleum 
ether wasemployed. 1.7986 gm. of digitonide were obtained, which yielded 
0.4427 gm. of sterol with a specific activity of 57.5 c.p.m. per mg. of digi- 
tonide. 0.4336 gm. of the sterol was esterified to yield 0.6873 gm. of ester, 
which was chromatographed on a 92.5 em. column. 

On the developed chromatogram appeared a major zone and a minor 
slow moving zone. The major zone was cholesteryl p-iodobenzoate with 
some cholestanyl p-iodobenzoate in the leading portion. Its maximum 
was 66 cm. from the top of the column and its I'* activity content was 
98.1 per cent of the total in the two zones, as estimated from the net areas 
on the chart. The minor zone (HCF) had its maximum at 15.6 cm., and 
its I" activity content was 1.9 per cent. The two zones were cut out in 


1 Unless otherwise noted, C counts were made on samples of sterol digitonide, 
and specific activities are reported as counts per minute per mg. of digitonide. 
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four sections and eluted with benzene-ethanol, and digitonides of aliquots 
were prepared (Table I). 

Calculations from the data in Table I indicate an 88 per cent recovery of 
material and an 81 per cent recovery of C™ activity. Although the HCF 
zone accounts for only 2.46 per cent of the total weight of material chro- 
matographed, it contains 26 per cent of the total C™ activity. 

Differentiation of HCF from A’-Cholestenol—Since A’-cholestenol (lathos- 
terol) is found in animal sterol (24) and is converted into cholesterol in 
vivo by rabbits (25), and since its p-iodobenzoate separates from that of 
cholesterol upon chromatography as a slow moving zone (18), the possible 
identity of the active material with A’-cholestenol was investigated by 
mixed chromatography. When carbon-labeled HCF material (1250 ¢.p.m., 
total) was esterified with cholesterol and A’-cholestenol and the mixture 


TABLE I[ 


Chromatographic Separation of High Counting Companion Zone from 
p-Iodobenzoates-I'** of Carbon-Labeled Chick Embryo Sterols 








iii Column section, Total digitonide Specific activity 
distance from top content digitonide 
ks cm. mg. c.p.m. per mg. 
High counting companions........ 9 .6-22.5 42.6 615.2 
| eee ee ere 28 .0-57 .8 599.0 37.8 
is roleuebiidaeeh wanted ekuts 57 .8-67 .2 492.5 35.9 
* NE er ae a a 67 .2-87.6 429.5 33.3 














chromatographed, neither the recovered cholesterol nor A’-cholestenol 
digitonide displayed significant activity. Subsequently 50 per cent of the 
added activity was recovered from the column above the A’-cholestenol 
zone. 

Chromatography of Egg Sterol—To determine whether HCF compounds 
are also found in the digitonin-precipitable fraction of hydrolyzed egg yolk, 
an infertile egg which had been incubated for 14 days was hydrolyzed. 
The 0.7617 gm. of digitonide was cleaved to give 0.1679 gm. of sterol, 
which yielded 0.2821 gm. of labeled ester. This was chromatographed 
in the usual manner and gave, after 24 hours, a single zone (cholesterol) 
but no detectable HCF zone. 


Resolution of HCF Esters into Two Components 


Resolution of Non-Active HCF—The heterogeneity of the high counting 
zone was established by rechromatography. The esters from 2.313 gm. 
of sterol derived from 85 13 day-old chick embryos were chromatographed 
ona 3.5 X 40 cm, column, The HCF zone was cut from the column, and 
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eluted esters were rechromatographed on a 1.8 X 50 cm. column. After 


32 hours, the HCF zone was resolved into two definitely distinguishable 


components, termed Components A and B, and a possible third component. 
The major (and fastest moving) component, B, contained between 75 and 
80 per cent of the iodine activity of the HCF zone. On elution, it weighed 
55.5 mg., equivalent to 1.4 per cent of the original sterol weight. Com- 
ponent B was recrystallized from methanol-acetone. The colorless crystal 
plates shrank? at 160°, fusion was marked by the appearance of an iri- 
descent green spot at 166°, and the entire mass became a brilliant green 
cholesteric melt at 167°. Recrystallization from methanol-acetone did not 
raise the melting point. The equivalent weight of this material, compared 
with cholesteryl p-iodobenzoate from the same run, was 613.09. The 
material showed absorption between 225 and 300 my, identical with that 
of cholesteryl p-iodobenzoate (m.p. 184.5°) and definitely different from 
that of 7-dehydrocholesteryl p-iodobenzoate (m.p. 178.5°). 

Resolution of Carbon-Labeled HCF—Thirty-five embryos from eggs in- 
jected on the 13th day of incubation with 5 mg. of sodium acetate-1-C™ 
(specific activity 5.7 X 105 c.p.m. per mg.) were sacrificed 16 hours after 
injection. The pooled embryos and membranes weighed 442 gm. The 
crude digitonin-precipitable fraction had a specific activity of 120.1 and 
weighed 4.1153 gm. It yielded 0.9662 gm. of sterol, which was converted 
to 1.5362 gm. of esters. After a preliminary separation of the HCF zone 
by chromatography, this zone and a portion of the adjacent cholesterol zone 
were eluted with benzene, yielding 42.0 mg. of ester. This material was 
rechromatographed twice to yield 34.8 mg. of purified HCF ester. This 
material was rechromatographed on a column 1.8 X 42 cm., prewashed 
with 1 hold-up volume of 2 per cent benzene in Skellysolve C. The es- 
ters were applied with 5 ml., and the column was developed with 2 liters 
of the same solvent. At this time a distinct resolution into Components A 
and B was achieved, but there was considerable overlapping. The col- 
umn was sectioned as presented in Table II, and the esters were con- 
verted to digitonides and counted. The specific activity of the digi- 
tonide of cholesterol separated from HCF was 66.2. Hence the specific 
activity of Component B is approximately 20 times that of the accompa- 
nying cholesterol. 


Preparative Isolation of High Counting Fraction 


Isolation—Further study of the components of the HCF required the 
isolation of larger quantities of material. Fertile eggs from Rhode Island 
red hens, incubated for 14 days, were obtained from a commercial hatch- 


? Melting points were determined with short stemmed Anschitz thermometers 
and are uncorrected. 
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ery. 569 viable embryos and their membranes (6.256 kilos of tissue) 
were pooled in lots of 45 to 85 for hydrolysis. The sterol content of this 
crude non-saponifiable fraction was estimated to be 0.027 gm. per embryo. 
When this crude sterol fraction is crystallized from aqueous ethanol, the 
companions of cholesterol are concentrated in the mother liquor. Thus 
80 ml. of 95 per cent ethanol and 40 ml. of water were added for every 
estimated gm. of sterol, the mixture was heated to dissolve all solids, and 
the sterols crystallized overnight at room temperature. The HCF was 
concentrated in the mother liquor, which was filtered off, leaving 13.304 
gm. of sterol crystals. Ethanol was added to the mother liquor to raise 
the ethanol content to 80 per cent, and the digitonin-precipitable content 
of an aliquot was determined. The remainder was precipitated with a 
calculated 10 per cent excess of digitonin, yielding 7.813 gm. of digitonide. 


TABLE II 


Chromatographic Separation of High Counting Companion p-Iodobenzoate 
Zone into Carbon-Labeled Compound A and Compound B (Desmosterol) 





Fraction Column section, | 
No. 














distance from top | Description Digitonide weight at ed 

cm. mg. c.p.m. per mg. 
1 0.0- 9.0 Compound A 11.95 889 
2 9.0-12.3 Compounds A and B 7.03 1388 
3 12.3-15.4 Compound B 14.93 1405 
4 15.4-17.7 - sy 21.80 1338 
5 17.7-27.4 ” of 19.60 1063 








The 13.304 gm. of sterol were recrystallized at room temperature from 
480 ml. of 90 per cent ethanol, and the crystals were filtered and washed 
with 100 ml. of 90 per cent ethanol. The recrystallized sterol weighed 9.568 
gm.; the filtrate, taken to dryness under nitrogen, left 3.909 gm. of resi- 
due. The 9.568 gm. of sterol were recrystallized from 350 ml. of 90 per 
cent ethanol, and the crystals washed with 50 ml. of the same solvent, 
yielding 7.264 gm. of recrystallized sterol and 2.175 gm. of dry residue. 

The HCF compounds were then concentrated in the 7.813 gm. of digi- 
tonide from the first mother liquor and in the two mother liquor residues. 
The latter were now converted to digitonides, and all three digitonide frac- 
tions cleaved in batches, beginning with the digitonides of the first mother 
liquor. A total of 6.998 gm. of sterol were recovered and esterified with 
p-iodobenzoy]-chloride-I"* in seven batches of 0.38 to 1.39 gm. Yields of 
ester, based on cholesterol, were 96.4 to 98.7 per cent. 

According to subsequent chromatography, the esters obtained from the 
first mother liquor contained up to 7.6 per cent HCF compounds, those 
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from the second mother liquor 2.8 per cent, while those from the third 
mother liquor less than 1 per cent. Hence it was impractical to take 
more crops by further recrystallization. 

The seven columns were sectioned, and the esters of the HCF zone were 
eluted and taken to dryness under nitrogen, yielding 470 mg. of material. 
A 0.01 aliquot was treated with digitonin, but only a trace (less than 0.02 
mg.) of free sterol was present. Hydrolysis gave 294.7 mg. of white crys- 
tals. 

Homogeneity of Component B—It was still possible that the high carbon 
specific activities found above in Component B were due to contamination 
of the digitonides by a trace of highly active material. Hence some of 
the carbon-labeled Component B was rechromatographed with crude 
carrier HCF to determine whether the C™ activity would be recovered and 
whether it would label the Component B zone uniformly. 

C-labeled Component B was prepared by dissolving 5.68 mg. of digi- 
tonide with a specific activity of 1338 (Fraction 4, Table IT) in 1 ml. of dry 
pyridine, and by adding 60 ml. of dry ether, filtering through a small column 
of Celite, removing the ether and pyridine under nitrogen, and drying the 
residue in vacuo. The labeled Component B was added in ether to 74.52 
mg. of the crude HCF derived from the preparative chromatographic 
separation. The ether was removed under nitrogen, and the residue dried 
to constant weight (76.85 mg.) and esterified with p-iodobenzoyl chloride 
p31, 

The total esters (125.3 mg.) were dissolved with warming in 25 ml. of 
Skellysolve C and chromatographed on a 1.8 X 65 cm. column. A fast 
moving fraction (cholesteryl p-iodobenzoate), representing 15 per cent of 
the ester I'* activity, passed out of the column. From the areas under 
the curves of the iodine activity, and with the assumption that the equiva- 
lent weights were the same as the molecular weights, it was estimated that 
the esterifiable content of the crude HCF material was made up of 15 mole 
per cent cholesterol, 7 mole per cent Component A, and 78 mole per cent 
Component B. 

After 74 hours of development the column was sectioned, and digitonides 
of aliquots were prepared and counted. The Component B zone was 
divided into six sections. The carbon specific activity of the digitonides 
prepared from the top five sections was constant at 28.6 + 1.5. The 
specific activity (23.5) of the leading portion of Component B zone was 
somewhat low. This was also observed in the previous experiment and 
probably represents between 2 and 3 per cent of non-radioactive contami- 
nant. 

The equivalent weights of the p-iodobenzoates of the cholesterol and 
Component B zones were 616.6 and 613.1, respectively, and that of the 
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Component A ester was subsequently found to be the same as that of 
Component B. From the above information it can be computed that the 
Component B content of the 76.9 mg. of starting material is equivalent to 
240 mg. of digitonide (with a specific activity of 28.6). Hence 90 per 
cent of the total added carbon activity reappeared inComponent B. This 
high recovery indicates that the carbon activity does not reside in a ‘“‘weight- 
less” impurity, while the chromatographic homogeneity, as demonstrated 
by the uniform carbon labeling throughout the zone of Component B, 
indicates that it is a single chemical species. 


TABLE III 


Preparative Chromatographic Separation of Compound A and 
Compound B (Desmosteryl) p-Iodobenzoates-I'*! 

















Fraction No. Ente. Description Benzene eluate 
cm. mg. 
1 0.0- 1.2 Some activity adsorbed at column top 7.0 
2 1.2-13.7 Large slow moving peak 44.1 
3 13.7-27.4 Compound A peak 29.0 | 
4 27.4-30.1 Compounds A and B 7.2 
5 30.1-42.1 Compound B 60.1 
6 42 .1-53.4 wi e 112.6 
7 53.4-67.0 " - 57.9 





Characterization of High Counting Companions of Cholesterol 


As previously described, resolution of the slow moving, high counting 
zone yields at least two fractions, a major one (Component B) and a 
slower moving minor one (Component A). This resolution was now re- 
peated on a larger scale with the object of isolating these components in 
amounts sufficient for characterization. 

219.9 mg. of the crude HCF material were esterified with p-iodobenzoy] 
chloride-I"* dissolved in dry pyridine as a 6 per cent solution, and 70 mg. 
of cholesterol, purified through the dibromide, were esterified separately 
with the same solution. The cholesteryl p-iodobenzoate, after chroma- 
tography and recrystallization, served as the standard in equivalent weight 
determinations. The yield of crude HCF esters was 387.9 mg. They 
were chromatographed as before on a 1.8 X 85 cm. column. After 144 
hours the column was allowed to run dry and was sectioned into seven 
fractions, and these were eluted with benzene and then separately with 
acetone (Table III). Five of the seven benzene eluates were processed as 
described below. The acetone eluates were slightly colored and were of 
too small quantity for further study. 
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Fraction 2 had an equivalent weight of 258 and a melting point of 233°. 
It is apparently impure p-iodobenzoic acid, equivalent weight 248, m.p. 
269-270°. 

Fraction 3 comprises the Component A ester zone. The crystals were 
dissolved in acetone and filtered through a plug of glass wool into a cen- 
trifuge tube. The acetone was reduced to a small volume, and the contents 
were allowed to crystallize finally at 0°. 18.2 mg. of foliated crystals were 
obtained, which sintered at 130° and melted at 140.5° to a cloudy liquid 
which cleared near 149°. The equivalent weight of a sample weighing 
11.198 mg. was 615.64. 

Recrystallization from “hexane’’-acetone yielded crystals shrinking at 
140° and becoming a cloudy melt at 143.8°. This last crop of crystals was 
pooled with the 11.2 mg. used in the equivalent weight determination, and 


an analytical sample (m.p. 143.8°)* was obtained by recrystallization 
from acetone. 


CysH 47021 (614.63). Calculated. C 66.44, H 7.71, I 20.65 
Found. ** 66.52, “ 7.87, “‘ 20.71 


This ester is hereafter referred to as Compound A p-iodobenzoate. 

Fraction 5 was the upper quarter of the Component B ester zone. It was 
crystallized from acetone to yield 50.4 mg. of foliated crystals, which 
shrank at 164.5° with the appearance of a characteristic color play and 
completely lost their structure at 166°. The equivalent weight of a 32.001 
mg. sample was 607.5. 

Fraction 6 was the middle half of the Component B ester zone. When 
crystallized as above, it yielded 96.9 mg. of crystals (m.p. 166-167.5°). 
Duplicate samples of approximately 26 mg. had an equivalent weight of 
611.1 + 1.5. An analysis of this compound gave the following values: 


CysH7O21 (614.63). Calculated. C 66.44, H 7.71, I 20.65 
Found. ** 66.53, ‘* 7.83, * 20.74 


This ester is hereafter referred to as Compound B p-iodobenzoate. 

Fraction 7 (m.p. 162.5-164.5°) was the lower quarter of the Component 
B ester zone. Its equivalent weight was 607.5. Since this portion of the 
zone may contain a few per cent impurity, it was not pooled with the 
other fractions. 

Compound A—3.8 mg. of Compound A p-iodobenzoate, m.p. 140-143°, 
were hydrolyzed. The infra-red spectrum of the crude product shows 
the band near 1040 cm-! which, taken with the digitonin precipitability, 
is diagnostic of a 38-hydroxy sterol with a trans A/B ring fusion (26). 


3 All elementary analyses were made by the Schwarzkopf Microanalytical Labora- 
tory, Woodside, New York. 
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Compound B—154.2 mg. of Compound B p-iodobenzoate, m.p. 166 
167.5°, were hydrolyzed under nitrogen to yield 97.55 mg. of Compound 
B. This was recrystallized from methanol at 0°, yielding 75.1 mg. of 
plates, m.p. 120.5-121.0°; [a]?” —40.2°, 1 per cent in chloroform. Two 
recrystallizations of a portion from low boiling petroleum ether gave a 
product with a melting point at 120.2-120.9°. 35.5 mg. were recrystallized 
from methanol-acetone to yield 23.6 mg. of crystals dried in vacuo at 70°, 
m.p. 120.8-121.2°, which were analyzed. 


C2HuO (384.62). Calculated, C 84.31, H 11.53; found, C 84.25, H 11.48 


Compound B shows no significant absorption above 225 my. The sul- 
furic acid chromogen spectrum of a 7 X 1077 m solution in 97 per cent 
sulfuric acid (27) contained a minimum at 256 my (E}%, 93), a maximum 
at 320 my (240), a minimum at 393 my (109), a maximum at 433 my (154), 
and an inflection at 496 my (84). The infra-red spectrum is presented 
in Fig. 1. 

Bromination of Compound B p-Iodobenzoate—By analogy with the re- 
ported bromination of cholesteryl benzoate (28) and zymosteryl benzoate 
(29), it seemed feasible to brominate stenyl p-iodobenzoates. To check 
the procedure, 25 mg. of cholesteryl p-iodobenzoate-I"* were brominated 
at 0° with bromine in chloroform to an orange end-point. The product 
was precipitated and washed with 95 per cent ethanol and dried in vacuo 
at 60°. The equivalent weight of the white granular product (m.p. 134.8°) 
was 776.9; calculated, for C3,H4gO0.Brel, 776.5. 

Since it was subsequently necessary to determine the radiometric equiv- 
alent weight (20) of steryl p-iodobenzoates-I' recovered from debromi- 
nation with Nal in ethanol-benzene (30), it was necessary to check the 
possibility of loss of I"! activity by exchange with Nal, catalyzed by the 
I, formed in the reaction. 100.8 mg. of cholesteryl p-iodobenzoate-I' 
dibromide were dissolved in 2.4 ml. of dry benzene, and a solution of 120 
mg. of Nal in 1.6 ml. of absolute ethanol was added. The solution was 
allowed to stand at room temperature in the dark for 24 hours. It was 
then transferred to a separatory funnel with benzene, washed with Na.SO; 
solution and with water, filtered through anhydrous Na2SQ,, evaporated 
to dryness, and the residue recrystallized from acetone. The recovered 
cholesteryl p-iodobenzoate-I", m.p. 184.5°, had a specific activity 1.8 per 
cent higher than the starting material. Hence it can be concluded that 
no appreciable exchange occurred. 

35.2 mg. of Compound B p-iodobenzoate-I"!, m.p. 164.5°, were dissolved 
at 0° in 1 ml. of chloroform, and 0.1 ml. of a 1:10 (volume per volume) 
solution of bromine in chloroform was added dropwise with shaking. 5 
ml. of cold 95 per cent ethanol were then added, and the resulting precip- 
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itate was centrifuged, washed successively with 2 ml. of ethanol and 3 ml. 


d | ___ of acetone, and dried in vacuo at 60°. 37.6 mg. of product were obtained. 
of The equivalent weight of a 29.790 mg. sample of the powdery white prod- 
© | uct was 939.4; calculated for C3sHyO.Bril, 936.5. 
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as mately 0.14 m solutions in carbon disulfide, 0.5 mm. cell, with compensation for car- 
“t bon disulfide, sodium chloride prism. 

3 
ed It has been demonstrated (30, 31) that under the mild conditions de- 
ed scribed above it is possible to debrominate the sterol ring system without 
er removing side chain bromine. Accordingly, 29.8 mg. of Compound B 
at p-iodobenzoate-["*! tetrabromide were debrominated by the above method. 

Recrystallization of the product from acetone-ether at 0° yielded fine 

ed needles (m.p. 181-182°, with decomposition). The equivalent weight of 
e) a 12.126 mg. sample was 786.3; calculated for C34H47O.BreI, 776.4. 

5 Hydrogenation of Compound B—If, as the empirical formula and the 
p- infra-red spectrum indicate, Compound B is a dehydrocholesterol, it 
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should be possible to hydrogenate it to cholestanol. Owing to the small 
amount of material available, a carrier technique was employed. 2.41 mg. 
of Compound B digitonide with a specific activity of 1372 were cleaved, and 
the ether solution of the recovered sterol was taken to dryness with 98.3 
mg. of purified cholesterol. The mixture was hydrogenated with Adams’ 
catalyst in acetic acid-cyclohexane and worked up according to Nace (32). 
The slightly yellow product was recrystallized from methanol to yield 
75.1 mg. of white crystals, which gave a weak Liebermann-Burchard reac- 
tion. A portion of the crystals was converted to digitonide with a specific 
activity of 7.1, while its mother liquor gave 91.6 mg. of digitonide with a 


TaBLe IV 


Chromatography of Carbon-Labeled Hydrogenated Compound B (Desmosteryl) 
p-lodobenzoate with Carrier Cholesteryl and Cholestanyl p-Iodobenzoates 














. 1 len, 1 ‘ 1 
FINo.” (distance from tep| digitonide | sctivity | activity | piodobeascate | Mp. of ester 
cm. mg. se. c.p.m. <. 

1 24.7-32.9 32.60 0.2 6.5 Cholesteryl* | 183.5-184.5 
2 32.9-41.1 | 129.70 0.5 64.8 . 

3 41.1-49.4 | 101.28 3.1 314.0 Mixture 184.0-185.8 
+ 49 .4-52.7 46.00 6.1 280.6 = 

5 52.7-56.0 55.92 6.7 374.7 Cholestanyl* | 184.0-186.0 
6 56.0-59.3 50.45 7.5 378.4 “6 

7 59.3-62.5 33.95 7.3 247.8 “ 

8 62.5-65.8 26.27 7.3 191.8 wi 
Ee ere eee 467 .17T 1858.6 




















* Identified by characteristic melting behavior and crystal habit. 
ft Recovery. 98 per cent of sterol; 92.5 per cent of activity. 


specific activity of 8.3. 70.7 mg. of the recrystallized hydrogenated sterol 
mixture and 50.4 mg. of carrier cholesterol were esterified to give 192.0 
mg. of I'*!-labeled p-iodobenzoates, which were chromatographed on a 
1.6 X 77 cm. column. After 44 hours the cholestanol and cholesterol 
zones were resolved, with some overlapping. The column was sectioned, 
with the results which appear in Table IV. It is evident that the hydro- 
genated sterol yields an ester chromatographically indistinguishable from 
that of cholestanol. 

Comparison of Compound B with 25-Dehydrocholesterol—The melting 
point and optical rotation of Compound B (m.p. 120.8-121.2°, [a]?” —40.2°) 
do not differ from those reported for 25-dehydrocholesterol (m.p. 121.2- 
122.2°; [aJ??* —43.0; m.p. 120.5-121.5°; [a]? —40.2°) (33, 34). Samples 
of authentic 25-dehydrocholesterol were obtained from three sources. The 
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two older samples had deteriorated. One of them, provided by Professor 
W. G. Dauben, was converted to the p-iodobenzoate-I"", and the portion 
soluble in ether and Skellysolve C was chromatographed. The material 
from the “slow moving ester zone” was recrystallized from acetone to give 
a 24 per cent yield of crystals melting (like Compound B p-iodobenzoate) 
at 166.0-167.6°, with a cholesteric color play. Hydrolysis of this ester 
gave sterol, m.p. 120.5-121.5°. The 25-dehydrocholesterol provided by 
Dr. D. 8. Fredrickson, melted at 122.0-123.5°. The sulfuric acid chromo- 
gen spectrum of this specimen was substantially identical with that of 
Compound B. Nevertheless both samples of 25-dehydrocholesterol were 
clearly distinguished from Compound B by their infra-red spectra, which 
showed a strong band at 887 cm->!. This band is characteristic of the 
isopropenyl group (35) and occupies a region in which Compound B has 
only a weak band (Fig. 1). The close correspondence of the other ob- 
served properties indicates that Compound B and 25-dehydrocholesterol 
are very closely related isomers. 


DISCUSSION 


The chromatography of the p-iodobenzoates-I'*' of the sterol fraction of 
the 12 to 14 day-old chick embryos yields a slow moving zone containing 
2.0 to 2.5 per cent of the total sterol. This zone cannot be detected in 
sterol of the infertile egg. When 12 day-old embryos were harvested 16 
hours after injection of acetate-1-C™, 26 per cent of the digitonin-precipi- 
table carbon activity was isolated from this zone, while an estimated 60 
per cent was present in cholesterol. Hence the slow moving zone con- 
tains the bulk of digitonin-precipitable components that Schwenk (1-6) 
has termed the higher counting companions of cholesterol. Rechromatog- 
raphy of this zone yields two isomeric p-iodobenzoates (of Compounds A 
and B). 

Compound B, to which the authors have applied the trivial name desmos- 
lerol,s comprises 1.8 to 2.2 per cent of the total sterol. The equivalent 
weight of its p-iodobenzoate, the elementary analyses, its conversion to a 
p-iodobenzoate tetrabromide, and its hydrogenation to a compound which 
yields a p-iodobenzoate chromatographically indistinguishable from choles- 
tanyl p-iodobenzoate all indicate that it is a cholestadienol, The p-iodo- 
benzoate tetrabromide is converted to a dibromide by selective debromi- 
nation, indicating a side chain double bond, The nuclear double bond is 
located at 5,6 by the infra-red spectrum. In its melting point, optical 
rotation, sulfuric acid chromogen spectrum, and melting point of its p- 
iodobenzoate, desmosterol agrees with synthetic A®*- *5-cholestadiene-36-ol. 
The infra-red spectra of the two preparations, like zymosterol, lack the 


4 From the Greek word, desmos, link. 
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band near 1368 cm-', associated with the isopropyl group present in 
many sterols; e.g., cholesterol (36). However, at 887 cm.!, desmosterol 
has only a very weak band, whereas 25-dehydrocholesterol has a strong 
one. The latter is characteristic of the isopropenyl group (35). 

On the basis of the above evidence, it is attractive to assume that desmos- 
terol is A® *4-cholestadiene-38-ol. This formulation is also plausible on 
biogenetic grounds, since a compound of the A’ ‘: *-lanostadiene-36-ol 
type is a precursor of cholesterol in the rat liver (37), and A’ ‘> *-choles- 
tadiene-38-ol appears to lie close to the path of ergosterol biosynthesis in 
yeast (6). A compound of this type also provides a route to the 24- 
hydroxy, methyl], and ethy! derivatives of cholesterol found in nature. 

Compound A represents only 0.2 to 0.3 per cent of the total sterol weight. 
It is isomeric with desmosterol and its chromatographic similarity and the 
infra-red spectrum suggest that it is a structurally similar cholestadienol 
without a 5,6 double bond. 

When desmosteroi and Compound A were isolated from 14 day-old 
embryos of eggs injected 16 hours previously with labeled acetate, the 
specific activity of the desmosterol was 20 to 21 times, and that of Com- 
pound A containing some desmosterol was approximately 13 times, that 
of the accompanying cholesterol. The high specific activity, the structure, 
and recent preliminary experiments on the conversion in vivo of desmosterol 
to cholesterol in rats, make it probable that desmosterol is a specific choles- 
terol precursor. 

Other evidence exists for the occurrence of side chain saturation-desatura- 
tion in cholesterol metabolism. Clayton and Bloch (37) report that the 
conversion in vitro of lanosterol to cholesterol also produces more polar 
sterols. Fredrickson, Horning, and Anfinsen (38) suggest, on the basis of 
the oxidation of the 25-dehydrocholesterol side chain by rat liver homog- 
enates, that desaturation of cholesterol is an early step in side chain 
degradation. 


We are indebted to Professor H. H. Wotiz and Mrs. A. Smakula of the 
Boston University School of Medicine for the infra-red spectra illustrated, 
and to Professor H. R. Nace of Brown University for the preliminary 
infra-red spectra. For sterol samples we thank ProfessorC. A. Baumann of 
the University of Wisconsin, Professor W. G. Dauben of the University of 
California at Berkeley, Dr. D. 8. Fredrickson of the National Heart Insti- 
tute, and Dr. A. I. Ryer of the Chemical Development Division of the 
Schering Corporation. 


SUMMARY 


Two compounds have been isolated from the sterol mixture of 12 to 14 
day-old chick embryos by chromatography of the steryl p-iodobenzoates. 








eS 





W. M. STOKES, W. A. FISH, AND F. C. HICKEY 429 


One of the compounds (desmosterol, m.p. 121.2°, [a]? —40°; p-iodoben- 
zoate, m.p. 167.5°) constitutes about 2 per cent of the total sterol and has 
been tentatively assigned the structure of A* *4-cholestadiene-38-ol. The 
other compound (p-iodobenzoate, m.p. 143.8°) represents only 0.2 to 0.3 
per cent of the total sterol and is an isomer of desmosterol. 

When 12 day-old embryos are harvested 16 hours after injection with 
sodium acetate-1-C, 26 per cent of the digitonin-precipitable carbon 
activity is recovered in these two compounds, with an estimated 60 per 
cent in cholesterol. The structures and high specific activities of these 
compounds suggest that they are involved in cholesterol biosynthesis. 
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There is little known about the nature of the metabolic products derived 
from cardiac glycosides in the animal body. Reports of the formation of 
digitoxigenin from the glycoside digitoxin in vivo have appeared in the 
literature (1-3), but reliable chemical methods of identification applicable 
to the very small quantities of material involved were not available to these 
workers. Fischer, Sjoerdsma, and Johnson (4) examined the urinary ex- 
cretion of digitoxin in rats by the use of the radioactive glycoside and dis- 
tinguished between digitoxin and its metabolites on the basis of the chloro- 
form solubility of digitoxin. However, no further chemical investigation 
of the radioactive metabolites was made. 

The cardiac glycosides, digoxin, digitoxin, and lanatoside C, have been 
shown by previous work in this laboratory to be excreted in the urine of 
rats partly as the original glycoside and partly in the form of cardioactive 
metabolites. Digoxin yielded a metabolite, Metabolite B, which was not 
digoxigenin but which retained the unsaturated lactone ring characteristic 
of cardiac glycosides (5). Lanatoside C also produced this metabolite in 
urine, together with some digoxin and unchanged lanatoside C. Digi- 
toxin was converted to an apparently more polar metabolite (6) which we 
have now named Metabolite C. This was not digitoxigenin. In the case 
of digitoxin, Metabolite C appeared to be the main cardioactive substance 
excreted in the urine, as only small amounts of the free glycoside could be 
detected. 

Because of the extremely small amounts excreted by the rat, it has not 
yet been possible to obtain sufficient of these metabolites for a normal 
chemical investigation. This paper describes some experiments, conducted 
mainly by paper chromatographic methods, which reveal some information 
about the chemical nature of these substances. 


Methods 


Male rats were injected intraperitoneally with 3 mg. per kilo of the glyco- 
side. The urine was extracted continuously with chloroform and the ex- 
tracts were chromatographed on formamide-impregnated paper strips as 
described previously (5,6). The areas of paper containing the metabolites 
were dried and eluted with methanol-chloroform (6). 
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The purity of the eluted metabolite areas was checked by rechromatog- 
raphy, and, if contamination by the glycoside due to overloading of the 
original chromatograms was revealed, the entire extract was again chro- 
matographed on the formamide system until only one band of material 
was present on the chromatogram. 

The three following systems of chromatography were used for identifica- 
tion: 

System 1—Formamide-impregnated paper; developing solvent, chloro- 
form-benzene-butanol, 78:12:5 volumes, respectively, saturated with form- 
amide (6). 

System 2—Whatman paper No. 1; developing solvent, chloroform-ethy| 
acetate-benzene, 60:20:20 volumes, respectively, saturated with water (7). 

System 3—Whatman paper No. 1; developing solvent, chloroform-ben- 
zene, 80:20 volumes, respectively, saturated with water (7). 

The metabolites or their derivatives were located on the chromatograms 
with alkaline m-dinitrobenzene (5). 


EXPERIMENTAL 


Both Metabolite B and Metabolite C produced a blue color with alkaline 
m-dinitrobenzene characteristic of the a,8-unsaturated lactone ring present 
in cardiac glycosides. Paper chromatograms of Metabolite B, after being 
sprayed with trichloroacetic acid and heated, showed a blue fluorescence 
in ultraviolet light similar to that produced by the B and C series of digi- 
talis glycosides (8). Under the same conditions, Metabolite C also gave a 
blue fluorescence, whereas the parent glycoside, digitoxin, showed a dis- 
tinctly different brownish yellow fluorescence. 


Absence of Digitoxose in Metabolite B 


Rats were injected intraperitoneally with digoxigenin (0.5 mg. per rat) 
obtained from digoxin by acid hydrolysis (9) and the urine extracts were 
chromatographed by System 1. The chromatograms showed two distinct 
bands (X and Y, Fig. 1). Band Y was identified as digoxigenin by rechro- 
matography with an authentic sample by Systems 1 and 3. Band X 
traveled similarly to Metabolite B, and, when eluted and rechromato- 
graphed on Systems 1 and 2 with a sample of Metabolite B obtained after 
digoxin administration, no separation occurred, indicating that these sub- 
stances were identical. 


Acid Hydrolysis of Metabolites B and C 


Concentrates of Metabolites B and C were refluxed for 30 minutes in a 
boiling water bath with 3 ml. of 50 per cent ethanol containing 0.5 per cent 
of hydrochloric acid. The solutions were then neutralized with n sodium 
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hydroxide and continuously extracted with chloroform, and these extracts 
were chromatographed on System 1. 

Metabolite B was converted to a substance which traveled similarly to, 
and could not be separated from, digoxigenin on chromatography by 
Systems 1 and 3. A sample of Metabolite B obtained after digoxigenin 
administration was also hydrolyzed by the same method and digoxigenin 
was again obtained. There was therefore no possibility of the digoxi- 
genin produced after hydrolysis of Metabolite B being derived from digoxin 
present in the urine and not properly separated from its metabolite. 

Formamide paper chromatograms of the hydrolysate from Metabolite C 
showed two bands (R and §, Fig. 2). Band R was much more intense 
than Band § and traveled behind Metabolite C on the chromatograms, 




















S-L Y X 


Fig. 1. Chromatogram of urinary excretory products of digoxigenin in rats. S. 
L. = starting line, Band Y = digoxigenin, and Band X = metabolite. 
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Fic. 2. Chromatogram of acid hydrolysis products of Metabolite C obtained from 


digitoxin. Band C = Metabolite C and Bands R and S = hydrolytic products of 
Metabolite C. 





indicating that it was more soluble in the polar formamide phase. It was 
definitely different from digitoxigenin which travels with the solvent front 
in System 1. Band S could perhaps be a breakdown product of R, pos- 
sibly a 14-anhydro compound. Both Bands R and §S gave a blue fluores- 
cence in ultraviolet light after treatment with trichloroacetic acid, which 


again was quite distinct from the yellow fluorescence given by digitoxi- 
genin derivatives. 


Absence of Glucuronic Acid in Metabolites B and C 


Although chloroform extraction does not normally remove glucuronides 
from urine, it was considered necessary to test these metabolites for glu- 
curonic acid because of the importance of this acid in steroid excretion. To 
a concentrate of the metabolites (estimated at approximately 60 y) in 0.1 
ml. of ethanol, in a 1 ml. test-tube, was added 0.1 ml. of 2 per cent naph- 
thoresorcinol in ethanol. The solution was evaporated to dryness, 0.1 
ml. of concentrated hydrochloric acid was added, and the solution was 
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heated in a water bath for 4 minutes. After cooling, 0.1 ml. of ether was 
added. No purple color was observed. Under the same conditions quan- 
tities as low as 10 y of /-menthy] glucuronide gave a distinct bluish purple 
color. The metabolites (approximately 40 7) were also incubated at 37° 
for 24 hours with glucuronidase prepared from rat liver (10), in 0.1 N 
acetate buffer at pH 5. Samples of the solution were chromatographed 
according to the method of Partridge (11), but no glucuronic acid was de- 
tected. In control experiments with 200 y of /-menthyl glucuronide and 
the same enzyme material, positive tests for glucuronic acid on paper chro- 
matograms were obtained. It was found possible to recover the metabo- 
lite unchanged from the glucuronidase solution by extraction with chloro- 
form. 


Absence of Amino Acids in Metabolites B and C 


Eades, Pollack, and King (12) reported that, using paper chromatog- 
raphy, they had obtained evidence for the presence of glycine and other 
amino acids as conjugating agents with neutral urinary steroids. Con- 
centrates of both Metabolites B and C (approximately 100 y) were hy- 
drolyzed with 1.0 ml. of 0.5 per cent HCl, as described above, and the 
solutions were chromatographed on Whatman paper No. 1, with butanol- 
acetic acid-water, 4:2:1 volumes, respectively, as developing solvent. 
The chromatograms were then sprayed with 0.2 per cent ninhydrin in 
ethanol. Although several such experiments were performed, in no in- 
stance were any amino acids detected. 


Alkaline Hydrolysis of Metabolite B 


Metabolite B (approximately 60 7) was dissolved in 10 ml. of methanol 
and 2.5 ml. of a 2.4 per cent aqueous solution of sodium bicarbonate were 
added. The solution was left at room temperature for 14 days, then ex- 
tracted with chloroform and chromatographed on formamide -impregnated 
paper (System 1). Control experiments were carried out with digoxigenin 
and diacetyldigoxigenin under the same conditions. Digoxigenin was un- 
affected by bicarbonate, but, as expected, partial hydrolysis of diacety]- 
digoxigenin occurred, producing some digoxigenin. Metabolite B was par- 
tially converted to a substance which ran near the solvent front and was 
quite different from digoxigenin. 


Other Urinary Metabolites of Digoxin and Digitoxin 


When larger doses of digoxin (5 to 6 mg. per kilo) were injected intra- 
peritoneally into rats, the formamide paper chromatograms of the urine 
extracts revealed the presence of another cardioactive metabolite (Band F, 
Fig. 3). As this substance traveled closer to the solvent front on System 
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1, it was apparently less polar than digoxin or Metabolite B. When re- 
fluxed with 0.5 per cent hydrochloric acid in 50 per cent ethanol, Metabo- 
lite F did not give digoxigenin. Instead, the formamide paper chromato- 
grams showed a band running very close to the original Metabolite F. 
Evidently this substance either is not affected by acid treatment, as is 
Metabolite B, or is converted to a product which cannot be separated from 
the original metabolite on the formamide system. With very high doses 
of digitoxin (approximately 6 mg. per kilo, intraperitoneal), the formamide 
chromatograms of the urine extracts showed the presence of two additional 
metabolites. These traveled in front of Metabolite C on System 1, but 
followed digitoxin (Bands G and H, Fig. 3). 
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Fic. 3. Chromatograms of urinary excretory products after high dose of digitalis 
glycosides in the rat. 7, after digoxin, Band B = Metabolite B, Band D = digoxin, 
and Band F = Metabolite F. ii, after digitoxin, Band C = Metabolite C, Band 
G = Metabolite G, Band H = Metabolite H, and Band DG = digitoxin. 


DG 


DISCUSSION 


The formation of the same urinary metabolite from digoxigenin as from 
digoxin and lanatoside C indicates that this substance (Metabolite B) does 
not contain digitoxose. The presence of digoxin as well as of Metabolite 
B in the urine after lanatoside C administration suggests that there are 
two possible metabolic pathways from this glycoside to Metabolite B. 
The formation of the metabolites may involve the loss of all the sugars 
and the acetyl group from lanatoside C, or the glycoside may be converted 
to digoxin by the loss of acetyl and glucose and then metabolized in the 
same way as digoxin. The interrelationship of the urinary products from 
digoxin and lanatoside C is shown in Fig. 4. 

The results also indicate that Metabolite B is a new type of steroid con- 
jugate. Mild acid hydrolysis completely removes the conjugating group, 
whereas bicarbonate appears either to remove a portion of this group or 
to alter it in some way to produce a less polar molecule. 

The main cardioactive substance found in rat urine after digitoxin ad- 
ministration is not the original glycoside but is a metabolite of it, Metabo- 
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lite C. It is not digitoxigenin but is evidently a conjugate of a molecule 
derived from the genin, possibly by the addition of one or more hydroxy] 
groups to the steroid nucleus. We have not been able to detect the pres- 
ence of Metabolite C in rat urine after digitoxigenin administration; hence 
it is not possible to state at this juncture whether or not it contains digi- 
toxose. However, by analogy with the behavior of digoxin, we consider 
that this is unlikely. This metabolite, like Metabolite B obtained from 
digoxin, appears to be a new type of steroid conjugate. 
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ACID 
“CONJUGATE) — I yyyQROLYSIS 


DIGOXIGENIN 
Fia. 4. Interrelationship of the urinary excretory products of lanatoside C and 
digoxin in the rat. 


SUMMARY 


1. The cardioactive metabolites excreted in rat urine after the adminis- 
tration of digoxin, lanatoside C, and digitoxin have been examined. 

2. The metabolite produced both from digoxin and lanatoside C is a 
derivative of digoxigenin, contains no digitoxose, and is not a glucuronide 
or an amino acid conjugate. This metabolite is also obtained from dig- 
oxigenin. 

3. Digitoxin is excreted in the urine as a conjugate of a derivative of 
digitoxigenin. This conjugate does not contain glucuronic acid or amino 
acids. 


The authors thank Mr. C. Short for assistance with paper chromatog- 
raphy and the National Health and Medical Research Council of Australia 
for a grant in support of this work. Thanks are also due to Professor R. 
H. Thorp for his continued interest in this work and to Sandoz, Ltd., 
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IV. TRIPLY LABELED PURINE NUCLEOTIDES 


By PAUL M. ROLL,} HERBERT WEINFELD,{ ELIZABETH CARROLL, 
anp GEORGE BOSWORTH BROWN 


(From the Laboratories of the Sloan-Kettering Division of Cornell University 
Medical College, New York, New York) 


(Received for publication, September 12, 1955) 


Although most organisms normally synthesize their nucleic acids from 
relatively simple substances, it has been demonstrated with isotopically 
labeled purines, pyrimidines, nucleosides, and nucleotides that many of 
those derivatives are able to serve as nucleic acid precursors. Some of 
them may even be involved in the synthesis de novo of polynucleotides. A 
comparison of the extent of incorporation of related compounds may not 
| of itself reveal the sequence of intermediates in a biosynthetic pathway, 
| especially in whole animal studies, but such data do give some informa- 
tion concerning possible mechanisms of nucleic acid synthesis. It is antic- 
ipated that our knowledge of these processes will be extended if more 
details of the manner by which nucleic acid precursors are incorporated 
can be clarified. 

In a number of studies, purines and purine nucleosides and nucleotides, 
isotopically labeled exclusively in their purine moieties, have been investi- 
gated as possible precursors of the nucleic acids of the rat. It was found 
that both the adenine and the guanine of tissue ribonucleic acid (RNA) 
could be derived from adenine (3, 4), adenosine (5), or any of the three 
isomeric adenylic acids (6, 7), and that the purine was used much more 
extensively than were the nucleotides or the nucleosides. On the other 
hand, in some experiments, no detectable incorporation of guanine was 
| observed (8, 3, 9); in others, only slight incorporation of guanine (10, 11) 
/ and of guanosine (5) into nucleic acids was found, whereas guanylic acid 

was found to be a good precursor of RNA guanine when administered as 
a mixture of the a and b isomers (presumably the 2’ and 3’ isomers) (6), 
or as the b isomer alone (7). Little incorporation of any of these precursors 








* This investigation was supported by funds from the National Cancer Institute, 
National Institutes of Health, Public Health Service (grant No. C-471), and from 
the Atomic Energy Commission (contract No. AT(30-1)-910). Preliminary reports 
of portions of this work have appeared (1, 2). 

t Present address, Department of Biochemistry, Marquette University School of 
Medicine, Milwaukee, Wisconsin. 

¢ Present address, Institute of Industrial Medicine, New York University-Bellevue 
Medical Center, New York. 
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into the purines of deoxyribonucleic acid (DNA) was observed, although, 
when detected, the pattern of incorporation was similar to that found for 
RNA. These results might indicate that the guanylic acids are trans- 
ported more readily to the site of utilization than is guanine or guanosine,! 
but they have also been interpreted (12) as demonstrating incorporation 
of the intact guanylic acid. However, in all the studies in which the purine 
portion alone was labeled, the fate of only this portion of the nucleosides 
and nucleotides was definitely determined. It is impossible to know the 
transformations these compounds may have undergone, but the possibility 
that the purine is split from these compounds prior to its incorporation 
cannot be excluded. 

In order that each of the component parts of nucleotides might be 
simultaneously followed during the processes of nucleic acid biosynthesis 
in the rat and that the extent of any degradation of the nucleotides prior 
to incorporation might be revealed, multiply labeled nucleotides were 
studied. Samples were prepared of each of the a and b isomers (the 2’ 
and 3’ isomers) of adenylic acid and of guanylic acid labeled uniformly 
with N’*, uniformly with C“ in both the ribose and the purines, and with 
P*, Studies of the incorporation of these compounds into the RNA and 
DNA of rats are reported here. 

In previous studies it was found that the purines of adenylic acids a and 
b were utilized to the same extent by the rat (7), and, from the results of 
the experiments in which guanylic acid b (7) and mixed guanylic acids a 
and b (6) were used, it was inferred that guanylic acid a was as effective a 
precursor of polynucleotide guanine as was guanylic acid b. However, it 
was felt that, when the components of these nucleotides were followed 
simultaneously, differences in the utilization of the isomeric forms of the 
nucleotides might be detected. For this reason adenylic acids a and b 
and guanylic acids a and b were studied separately.” 


1 Questions of permeability, or of localized metabolism of specific derivatives, are 
difficult to approach. However, it is conceivable that the 2’- and 3’-phosphates 
can be actively transported. In this process the original phosphate might be lost 
and a new substitution acquired, possibly a 2’-, 3’-, or 5’-phosphate or a larger group- 
ing, to result in some derivative which serves directly as a precursor of polynucleo- 
tides. The extensive degradation (3, 5, 8, 10) of administered guanine and guanosine 
implies that some cells are permeable to them, and, since polynucleotides must be 
synthesized in those cells, these compounds are not favored as intermediates. 

2? Markham and Smith (13) have demonstrated that pancreatic ribonuclease can 
liberate purine nucleotides containing a 2’,3’ cyclic phospho diester group from 
RNA. A calf intestinal mucosa phosphodiesterase (14) has been found by Whitfeld, 
Heppel, and Markham (15) to convert adenosine and guanosine cyclic phosphates 
largely to the corresponding nucleoside 3’-phosphates, but appreciable amounts of 
the nucleoside 2’-phosphates are also formed. The phosphodiesterase fraction from 
spleen prepared by the same group of workers was shown to cleave the cyclic purine 











latec 
whic 
woul 
cal ¢ 
Nev 
ribo 
expe 
obse 
a Se] 
the | 
by \ 
the 

dete 


yeas 
exct 
20 | 


solu 
frac 
200 
frac 
a a 
adj 
bed 
Nal 
twi 
Fin 
to | 
sq. 

Th 
wel 
wit 
56 

nuc 
evi 
phe 
bio 


Wn 


d, 
PS 
of 











ROLL, WEINFELD, CARROLL, AND BROWN 441 


Equal labeling of the two isomeric forms of each purine nucleotide iso- 
lated from RNA of the rat has been observed in several experiments in 
which various precursors have been used (16, 5, 17, 7), and indeed this 
would be expected, since it is believed that these isomeric forms are chemi- 
cal artifacts produced during the alkaline hydrolysis of the nucleic acid. 
Nevertheless, in the present experiments each isomeric form of each purine 
ribonucleotide was isolated and analyzed separately, not because it was 
expected that significant metabolic differences in isomeric pairs would be 
observed, but because the fractionation procedure employed (18) permitted 
a separation of these compounds and thus afforded duplicate samples. In 
the course of these investigations it was necessary to devise a technique 
by which a small amount of a purine nucleotide could be degraded with 
the recovery of the constituent purine and ribose in forms suitable for C“ 
determination. 


EXPERIMENTAL 


Preparations of Labeled Nucleotides; N'*-Labeled Nucleotides—1.3 gm. of 
yeast nucleic acid uniformly labeled with N'® (19) (3.34 atom per cent 
excess N!*) were dissolved in 26 ml. of 1 Nn NaOH and allowed to stand for 
20 hours at room temperature. The solution was adjusted to pH 7 with 
1 n HCl, and a slight precipitate was removed by centrifugation. The 
solution was diluted to 2000 ml., and the mixture of ribonucleotides was 
fractionated according to the method of Cohn (18, 7) (Dowex 1 chloride,’ 
200 to 400 mesh; 14.8 sq. cm. X 11 cm.; about 800 ml. per hour). The 
fractions containing each of the four purine ribonucleotides (adenylic acids 
a and b and guanylic acids a and b) were separately pooled and each was 
adjusted to pH 6.7. The solutions were concentrated by passage over 
beds of Dowex 1 chloride (4.0 sq. em. X 1.5 em.), by elution with 0.1 m 
NaCl-0.01 m HCl, and by neutralization. This procedure was repeated 
twice with the use of 1.0 and 1.5 gm. samples of the N-nucleic acid. 
Finally the three solutions of each compound were combined and diluted 
to 1 to 2 liters. The nucleotides were absorbed on Dowex 1 chloride (0.8 
sq. em. X 1 em.) and were eluted with 20 to 40 ml. of ice-cold 0.1 n HCl. 
The solutions were immediately adjusted to pH 7, and 8 volumes of ethanol 
were added to precipitate the nucleotides. These were recovered, washed 
with ethanol and ether, and dried in air. The yields were adenylic acid a 
56 mg., b 145 mg., guanylic acid a 161 mg., and b 153 mg. 





nucleotides to the nucleoside 2’-phosphates. The latter workers have reviewed the 
evidence that the action of tissue ribonucleases on RNA leads to nucleoside-3’- 
phosphates. Mononucleotides originating thus may be available for polynucleotide 
biosynthesis. 

3 National Aluminate Corporation, Chicago, Illinois. 
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C'-Labeled Nucleotides—9.7 mg. of totally labeled C™ yeast nucleic 
acid‘ (7.3 X 10° c.p.m. per mg.) plus 10 mg. of unlabeled yeast nucleic acid 
were dissolved in 0.4 ml. of 1 N NaOH and were allowed to stand at room 
temperature for 20 hours. The mixed nucleotides were fractionated on 
Dowex 1 chloride (0.58 sq. em. X 11 em.), and the solution of each nucleo- 
tide was concentrated as previously described (7), except that the com- 
pounds were eluted with only 10 to 13 ml. of 0.1 N HCl. The neutralized 
solutions were stored in the frozen state. 

P*-Labeled Nucleotides—These were isolated from nucleic acid prepared 
from the yeast, Torulopsis utilis; which had been grown in a medium con- 
taining radioactive phosphate. The yeast was grown, harvested, and 
washed as previously described (8), except that the medium contained no 
adenine and only 110 mg. of KH2PO,, and, just prior to inoculation, 4.7 
me. of carrier-free H;PO,-P* were added.’ 2.18 gm. of dry yeast were 
obtained and were extracted on the steam bath with 44 ml. of 10 per cent 
NaCl for 6 hours. The extract was mixed with 2.5 volumes of ethanol, 
and, after the mixture had remained in the refrigerator overnight, the 
sodium nucleate was recovered by centrifugation, washed with ethanol 
and ether, and dried. It was dissolved in 3 ml. of water, and a small 
amount of gummy residue was removed by centrifugation. The solution 
was poured into 40 ml. of glacial acetic acid (20), and the precipitated 
nucleic acid was recovered by centrifugation, washed with glacial acetic 
acid, ethanol and ether, and dried to yield 147 mg. The nucleic acid was 
dissolved in 2 ml. of 1 n NaOH, and the hydrolysis, fractionation, and 
concentration of nucleotides were accomplished as described for the C™- 
labeled samples. 

Preparation of Solutions of Triply Labeled Nucleotides—Weighed samples 
of each of the N'-labeled nucleotides were mixed with measured quantities 
of the solutions containing the C'- and P*-labeled nucleotides. The 
small sample of N!*-labeled adenylic acid a available was diluted with un- 
labeled adenylic acid a. Prior to the addition of the P*-labeled com- 
pounds, aliquots were removed for the determination of the atom per cent 
excess N!5 and the specific activity due to C“ of the samples. These values 
were corrected for the slight dilution of isotopes due to the addition of the 
small amounts of the P*-labeled compounds. The solutions were diluted 
to 25 ml., and aliquots were used for the measurement of the specific activity 
of the compounds due to P®, 

Injection of Triply Labeled Nucleotides—The solutions of the triply 
labeled nucleotides were administered by intraperitoneal injection to adult 


‘Obtained from the Schwarz Laboratories, Inc., Mt. Vernon, New York. Pre 
pared from yeast grown on leaf molasses which had been labeled from CO. (ob 
tained from the Oak Ridge National Laboratory, Oak Ridge, Tennessee). 

5 Obtained from the Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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male Sherman strain rats, weighing approximately 250 gm., at a total dose 
of 0.4 mmole per kilo of body weight. Each nucleotide was given in three 
equal doses at 2 hour intervals, as detailed in Tables II to V. 

The animals were sacrificed by ether anesthesia 24 hours after the first 
injection. The spleen, liver, kidneys, testes, and washed small intestines 
were quickly removed from each set of animals and frozen on dry ice. The 
organs were combined and homogenized in ice-cold 10 per cent trichloro- 
acetic acid (TCA) in a high speed mincer. The mixture was centrifuged, 
and the supernatant solution was used for the isolation of inorganic phos- 
phorus. The residue was washed once with cold 10 per cent TCA, homog- 
enized with ethanol-ether, approximately 1:1, and filtered. The solid 
was extracted twice with hot ethanol-ether 1:1, once with hot ether, and 
was dried in air. Mixed nucleic acids were isolated from the tissue residue, 
and the crude DNA and the barium ribonucleotides were separated as 
previously described (6). The ribomononucleotides were fractionated by 
ion exchange chromatography, and the solutions of individual nucleotides 
were concentrated by absorption on Dowex 1 chloride and elution with 
cold 0.1 N HCl (7). The solutions of the purine nucleotides (about 10 ml.) 
were immediately neutralized. Samples were used for the measurement 
of P® activity and for the degradation of the nucleotides to ribose and 
purines. The solutions of the pyrimidine nucleotides were concentrated 
in vacuo to remove HCl, and the residues were dissolved in water. Samples 
were used for P®? and C determinations. 

Inorganic phosphorus was recovered from the cold TCA extract ((21), 
Procedure B) and was precipitated as magnesium ammonium phosphate 
(22). This precipitate was dissolved in dilute HCl; the concentration of 
phosphorus was determined (23), and samples were used for P® deter- 
minations. 

Separation of Deoxyribonucleotides—About 30 mg. of each of the crude 
DNA samples were suspended in 4 ml. of H,O and brought into solution 
at pH 6 to 7 by the addition of 0.1 N NaOH. The DNA was hydrolyzed 
by treatment with crystalline deoxyribonuclease,® followed by phospho- 
diesterase (24). The deoxyribonucleotides were fractionated by ion ex- 
change chromatography (Dowex 1, acetate, 200 to 400 mesh; 0.58 sq. cm. 
X 15 em.) (24). The solutions of deoxycytidylic acid were concentrated 
by evaporation in vacuo to remove acetic acid, and the residue was dis- 
solved. The other deoxyribonucleotides were concentrated by the pro- 
cedure used for ribonucleotides, except that elution was accomplished with 
0.5 m NH,-acetate-1 m acetic acid. 

The remainder of each sample of DNA was hydrolyzed with HCIO, (25), 
purines and pyrimidines were isolated (6), and C™ activities determined. 

Degradation of Purine Nucleotides—It was necessary to have a method 


* Obtained from the Worthington Biochemical Corporation, Freehold, New Jersey. 
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which would allow the isolation of phosphate-free and mutually uncon- 
taminated purines and ribose from small samples of purine ribonucleotides. 
It was also necessary that salt-free solutions of the adenine, guanine, and 
ribose be obtained, since it was desired to evaporate samples of these solu- 
tions directly on aluminum planchets for C“ determinations. Because 


the nucleotides which had been isolated from tissue RNA were finally ob- | 


tained in 0.1 m NaCl, the method also had to allow for the removal of 
NaCl. This was accomplished by dephosphorylating the nucleotides and 
hydrolyzing the resulting nucleosides with Dowex 50, X-12, 200 to 400 
mesh’ (26), which retained the purine but not the ribose, and thus per- 
mitted a separation. 


Samples of each of the injection solutions, and of the purine nucleotides | 
isolated from RNA, were degraded. The volumes of the solutions varied | 


from 4 to 10 ml. (the samples of the injection solutions were diluted 10- 
fold) and contained 15 to 25 umoles of nucleotide. Each solution was 
adjusted to pH 5.3, and 0.5 ml. of prostatic phosphatase solution (0.4 mg. 
per ml. of H,O) was added. The sample was incubated at 37° for 2 hours, 
heated on a boiling water bath for 5 minutes, and diluted to 50 ml. The 
solution was passed through a bed of Dowex 1, chloride (0.8 sq. cm. X 1 
cm.), to remove inorganic phosphate, any unhydrolyzed nucleotide, and 
probably protein. The solution containing the nucleoside was mixed 
with 3 to 4 ml. of cation exchange resin (Dowex 50, H+, 50 mesh). Just 
before use, the resin was suspended in about 5 ml. of H.O, the mixture was 
heated on the boiling water bath for 3 minutes, and the water was decanted. 
This washing was repeated several times. The nucleoside solution was 
stirred with the Dowex 50 for 5 minutes to allow absorption of the nucleo- 
side, the mixture was centrifuged, and the supernatant solution was dis- 
carded. The resin was washed three times to remove NaCl. It was 
found that not more than 7 per cent of the nucleoside was lost in these 
operations. 5 ml. of HO were added to the resin, and the mixture was 
heated for 3 minutes on the boiling water bath to hydrolyze the nucleoside 
(26). The purine remained on the resin, and the ribose passed into solu- 
tion. The mixture was filtered with the use of a sintered glass funnel, 
and the resin was washed with about 5 ml. of H.O. The filtrate and 
washings which contained the ribose were combined. The concentration 
of ribose in the solution was determined by the orcinol reaction (27, 28) 
with adenosine as a standard. 

While the Dowex 50 was still on the sintered glass funnel, it was well 
washed with H.O to remove any traces of ribose, and the washings were 
discarded. About 10 to 20 ml. of 1 Nn NaOH were allowed to filter through 
the resin to remove the purine. The solution was diluted 10-fold and 
was passed through a small bed of Dowex 1, OH~ (0.8 sq. em, X 1 em.), 
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which was then washed with H,O. The purine was eluted with about 20 
ml. of 1 N HCl, the solution was evaporated in vacuo to remove HCl, and 
the residue was repeatedly taken up in H,O and reevaporated. The purine 
was dissolved in H,O and was used for C and N' determinations. 

The validity of this experimental technique is indicated by the values for 
the administered compounds in Tables II, III, IV, and V, where the sums 
of the molar activities of the purine and ribose were 97 to 99 per cent of 
that of the parent nucleotides. 

This technique did not prove applicable to the deoxyribosides because 
they are hydrolyzed by the Dowex 50 at room temperature, and the wash- 
ing of the resin after absorption of the nucleoside was not possible. 

Radioactivity Due to C'4—The concentrations of the solutions of nucleo- 
tides and the bases were determined spectrophotometrically with the use 
of published values (29-31). All the measurements were made on solu- 
tions at pH 2, except guanylic (pH about 7), deoxyadenylic, deoxyguanylic, 
and thymidylic acids (pH 12). The radioactivity due to C* of the various 
compounds was determined exactly as was previously described and is 
expressed as specific activity (counts per minute per micromole). The de- 
oxynucleotides in NH,-acetate-1 m acetic acid were neutralized with 
NH,OH and evaporated on aluminum planchets with the use of an infra- 
red lamp. The NHy,-acetate sublimes readily without losses of activity. 
The radioactivities of planchets prepared from the ribose solutions were 
determined the same day, since some losses of radioactivity from those 
planchets had been observed when they were allowed to stand several days. 
The C* activity of the pyrimidine ribonucleotides and all of the deoxyribo- 
nucleotides was measured at least 8 months after the experiments began, 
when no detectable P® activity remained. Maximal counting errors (32) 
were as follows: injected compounds and isolated compounds with relative 
specific activity’ greater than 1, less than 5 per cent; relative specific ac- 
tivity between 1 and 0.1, less than 10 per cent; relative specific activity less 
than 0.1, up to 20 per cent. 

Radioactivity Due to P*®—The samples were similarly prepared. An 
aluminum shield, which had been found to absorb completely the radio- 
activity from C™ while allowing the passage of about 50 per cent of the P® 
radioactivity, was placed over each sample. On the day that the specific 
activity of any of the isolated compounds was determined, the specific 
activity of the injected compound was also measured so that corrections 
for P® decay were unnecessary. The maximal counting error (32) was 
less than 5 per cent for all samples. 

N*® Analyses—The nitrogen of the various samples was converted to N» 


7 Relative specific activity = (specific activity of isolated compound X 100)/ 
(specific activity of component of injected compound). 
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and the atom per cent excess N'® was determined with a Consolidated- 
Nier, model 21-201 ratio mass spectrometer; probable error 0.001 atom 
per cent. 

Preparation of Enzymes—Prostatic phosphatase was prepared according 
to the method of Loring et al. (33). Venom of Crotalus adamanteus* was 
fractionated by the method of Hurst and Butler (34) to yield a phospho- 
diesterase preparation essentially free of monoesterase activity. 


RESULTS AND DISCUSSION 


In the presentation of these results, the relative specific activity’ has 
been recorded as a measure of the extent of incorporation of each of the 


TABLE | 


Relative Specific Activity* of Phosphorus of Isolated Compounds Following 
Injection of Adenylic and Guanylic Acids Labeled with P* 


Initial P*? activities, 5 to 7 X 104 c.p.m. per umole. 











Injected nucleotides 
Isolated 7 
Adenylic acid a |Adenylic acid } pment acid a |Guanylic acid 6 
Adenylic acid a................ 0.36 0.48 0.46 0.48 
" AOC Sy etter ecees 0.32 0.45 0.44 0.45 
eee Be gies. dens ecss 0.30 0.41 0.44 0.41 
eS gl EE reer ee 0.31 0.40 0.42 0.40 
7 "git erent 0.29 0.40 0.48 0.40 
Aca tian Sec ee hens 0.32 0.40 0.39 0.40 
a nr 0.48 0.73 0.76 0.73 

















* See the text, foot-note 7. 


various components of the purine nucleotides into the tissue nucleic acids. 
The incorporations of the phosphorus of the injected nucleotides are re- 
ported in Table I. In each experiment the phosphorus of the administered 
compounds was randomly distributed among all of the nucleotides of the 
tissue RNA. This randomization could not have occurred if the injected 
nucleotides had been incorporated intact, because the subsequent alkaline 
hydrolysis of the nucleic acid would then have produced these same labeled 
nucleotides. This must be interpreted as demonstrating an extensive 
degradation of the injected nucleotides, during which either phosphate or 
ribose phosphate is split off or transferred to some other compound which 
then functions as a non-specific source of phosphorus for nucleic acid syn- 
thesis. The facts that in each experiment the inorganic phosphorus had a 
significantly higher activity than did any of the isolated nucleotides and 


8 Obtained from Ross Allen’s Reptile Institute, Silver Springs, Florida. 
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that the phosphorus of each of the injected nucleotides was incorporated 
to about the same extent are in agreement with the interpretation that the 
nucleotides functioned as donors to a common, non-specific phosphate 
source. The possibility exists that dephosphorylation is involved in trans- 
port across the cell membrane and that, intracellularly, nucleotides are 
again formed.' If this had occurred, it would not have been detected in 
the present experiments. A loss of phosphate from either isomer corre- 
lates with the similarity of their metabolic fates (7) and may explain the 
lack of any differential between the phosphates in the 2’ or 3’ positions. A 
trace incorporation of any of the nucleotides would not have been detected, 
since it would have been masked by the non-specific incorporation of 
phosphate; but from these results there is no evidence that these nucleo- 
tides are utilized as intact units. 

The results of the incorporation of the C' and N! of adenylic acids a 
and b are presented in Tables II and III. It is apparent that the ribose 
carbon of the injected nucleotides was not used to a significant extent for 
the formation of purines, since the extent of incorporation of the adenine 
was essentially the same, whether measured®: '° by N'* or C%. The failure 
of the adenine of the administered compounds to serve as a source of nu- 
cleic acid ribose was indicated in an experiment in which the incorporation 
of adenine into RNA nucleotides of the rat was studied (16). Adenine is 
known to be extensively catabolized to allantoin which would not furnish 
intermediates from which ribose could be synthesized, although, during 
this catabolism, the carbon 6 is lost, presumably as CO2, which could be 
used for ribose formation. However, the dilution of this CO, would beso 
great that the contribution of adenine to ribose formation by this route 
would be insignificant. In the presentation of these results it is therefore 
assumed that the RNA ribose was not derived to a significant extent from 
the purine of the injected nucleotides and similarly that RNA purines were 
not formed from the ribose to an appreciable extent. 

It can be seen that the adenine of the tissue RNA was derived from the 
injected adenylic acids, as was to be expected from previous experiments 
(6, 7). It should be noted that a direct comparison of the extent of in- 


In these experiments, incorporations measured by C are probably more re- 
liable than those based on N'5 determinations. It has been pointed out before (6) 
that the administration of nucleotides uniformly labeled with N' results in extensive 
contribution of at least the amino nitrogen to ‘“‘body pool’? ammonia, which leads to 
a general non-specific labeling of all nucleic acid components. Furthermore, the 
0.003 to 0.005 atom per cent excess N! often found in biological material (35) can 
significantly affect the calculations of the extent of incorporation, especially in ex- 
periments in which very low values of N!5 are observed, such as in the adenylic acid 
a experiment. 

10 The parallelism of the incorporations of the N'5 and C" in the purines can be 
considered as further evidence of the retention of the intact purine ring (16, 36). 
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corporations reported here with those previously reported (7) is impractical 
because of the difference in the amount of nucleotide given (0.4 mmole 
versus 0.6 mmole per kilo) and the duration of the experiment (1 day versus 
3 days). Of much greater interest is the finding that the ribose attached 
to the purines in the RNA had also been extensively derived from the in- 
jected adenylic acids. In both of the experiments, the adenines were only 
slightly more extensively incorporated than were the ribose moieties of the 
injected adenylic acids. In the experiment in which the a isomer was 


TaBLeE II 
Incorporation of Adenine and Ribose of Adenylic Acid a 
Two rats, 246 and 229 gm., each received 3.8 ml. per injection of adenylic acid a 
solution (8.46 wmoles per ml.) ; 1.67 atom per cent excess N'; specific activities, C'*; 
nucleotide, 15,720 c.p.m. per umole; adenine, 7470 c.p.m. per wmole; ribose, 8060 
c.p.m. per pmole. 





























; aa Relative 
pane Specie poe Oa ©P-M- | Relative specific activity seeivity 
Isolated per cent ribose 
excess N!5 Relative 
Nucleo- | p; . apace 
Base | “';:; Ribose | Base* Ribose | activity 
tide | purine 
— | _ — 
Adenylic acid a..... 0.023 110 90 | 1.47 (1.38) | 1.12 0.76 
a ie See 0.020 96 92 1.29 (1.20) | 1.14 0.88 
Guanylic “ a..... 0.006 23 22 | 0.31 (0.36) | 0.27 0.87 
” Oe eS as 0.009 23 23 «| 0.31 (0.54) | 0.29 0.94 
Cytidylic acids......; 0.003 9 0.09F 
Uridylic ‘“ ......| 0.006 6 0.067 

















* The values in parentheses = relative isotope content = 100 X ((atom per cent 
excess N!5 in isolated compound)/(atom per cent excess N!5 in administered com- 
pound)). 

{ Calculated on the assumption that all of the activity of the nucleotide was in 
the ribose. 


given, it is seen that the ribose of the isolated adenylic acids was derived 
from the injected nucleotides 82 per cent (76 and 88 per cent) as extensively 
as was the adenine. Similarly, in the adenylic acid b experiment, it was 
88 per cent (83 and 93 per cent) as extensively derived. In the adenylic 
acid a experiment, the ribose of isolated guanylic acids had apparently 
been formed from the injected nucleotide 91 per cent (87 and 94 per cent) 
as well as had the guanine which had been derived from the adenine of the 
injected nucleotide. However, the ribose of the isolated guanylic acids 
was derived from the injected adenylic acid b only 54 per cent (47 and 61 
per cent) as extensively as was the guanine. In the latter case, the ab- 
solute values were higher and the ratio more significant, but a difference 
between the two experiments is real and remains unexplained. 
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A very slight incorporation of the carbon of either adenylic acid was ob- 
served in the pyrimidine nucleotides. The pyrimidine nucleotides were 
not degraded, but, on the basis of the previous experiments in which it 
was found that pyrimidines were not derived from C'-labeled purine 
nucleotides (7), the slight radioactivity found in the pyrimidine nucleo- 
tides must reside almost solely in the ribose, and the calculation of the 
extent of incorporation of ribose into these compounds is based upon this. 


TaB_e III 
Incorporation of Adenine and Ribose of Adenylic Acid b 
Two rats, 270 and 263 gm., each received 3.9 ml. per injection of adenylic acid b 
solution (9.14 wzmoles per ml.) ; 3.59 atom per cent excess N!5; specific activities, C'; 
nucleotide, 18,770 c.p.m. per umole; adenine, 8700 c.p.m. per umole; ribose, 9790 
¢.p.m. per umole. 



































| as ly a | Relative 
| pr —— pope Ege Relative specific activity = 
Isolated per cent _ 
| excess Nis — 
Base “«-s Sugar Base* Sugar activity 
purine 
Adenylic acida....... | 0.059 | 130 | 121 | 1.49 (1.64) | 1.24 0.83 
. “ b.......] 0.056 | 117 | | 122 | 1.35 (1.56) | 1.25 | 0.93 
Guanylic ‘ a....... 0.019 48 | | 25 0.55 (0.53) | 0.26 0.47 
“ © Gi...) Ce 40 | | 27 | 0.46 (0.64) | 0.28 | 0.61 
Cytidylic “ .... 0.010 | 8 | | 0.08t 
Detdyne. ** ......... 9 | 0.09 | 
Deoxyadenylic acid... | 15| 48 | 33 | 0.17 | 0.34 
Deoxyguanylic “ ... | 6| 22 | 16¢ | 0.07 (0.16 | 
Deoxyeytidylic “ |. .| | 2] 17 | 15¢ | 0.02 | 0.15 | 
Thymidylic acid. .. 1| 25 | 24f | 0.01 | 0.25 | 








* For the values in parentheses, see Table II, foot-note. 

7 Calculated on the assumption that all of the activity of the nucleotide was in 
the ribose. 

t Calculated by difference. 


It may be concluded that, for the most part, the ribose and the adenine 
were not incorporated independently into the RNA. Cleavage of the 
adenine from the ribose and separate incorporation of these two fragments 
would require a fortuitous and statistically unlikely recombination of the 
labeled units to account for the observations. An alternative, although 
unlikely, explanation might involve the assumption that the presence of 
the injected adenylic acids stimulated a more rapid renewal of the purine 
nucleotides and a greater utilization of labeled ribose derivative from a 
“ribose pool.’”’ The most obvious interpretation of the data is that approx- 
imately 85 per cent of the purine incorporated retained the original 
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nucleoside linkage intact, and that more than 50 per cent of the conversion 
of adenine to guanine must have occurred with the ribosidic linkage un- 
broken. In addition, some adenine was incorporated without its accom- 
panying ribose. This involves eventual transfer of the adenine to a new 
ribosyl moiety, but whether this occurs via the free purine or via a trans- 
glycosidation type of mechanism (37) cannot be ascertained from these 
data. With the adenine which was transformed into guanine, a somewhat 
greater transfer to a new ribose was encountered. 

The utilization of the adenine and the ribose of adenylic acid b for the 
synthesis of DNA was also investigated (Table III). Deoxyribose was 


TaBLe IV 
Incorporation of Guanine and Ribose of Guanylic Acid a 


Two rats, 253 and 250 gm., each received 3.8 ml. per injection of guanylic acid a 
solution (8.69 wmoles per ml.) ; 3.79 atom per cent excess N!5; specific activities, C™; 
nucleotide, 18,900 c.p.m. per wmole; guanine, 8270 c.p.m. per umole; ribose, 10,040 
c.p.m. per umole. 


| | Relative 











| Puan 7 oe” | Relative specific activity | aetvity 
Isolated | percent | * a3 
| excess N38 |_—__—_—______| ___—_ —__—_—_— | Relative 
| 7” " | | specific 
Base ee Ribose | Base* Ribose | activity 
| tide | | purine 
Adenylic acid a....... 0.007 6 10 | 0.07 (0.18) | 0.10 | 1 
“ af Sere 0.000 7 | 7 | 0.08 (0.00) | 0.07 | 1 
Guanylic “ a | 0.043 | 86 20 | 1.04 (1.13) | 0.20 | 0.19 
“ “ bev] 0.043 | 80 | | 20 | 0.97 (1.13) | 0.20 | 0.21 
Cytidylic “ .........| 0.010 | | | | 0.114 
Uridylie “ ......... | 0.010 | | 2 | | (0.124 


* For the values in parentheses, see Table II, foot-note. 
t Calculated on the assumption that all of the activity of the nucleotide was in 
the ribose. 





not isolated, but the specific activities of each deoxyribonucleotide and its 
aglycone were determined, and the specific activity of the deoxyribose was 
obtained by difference. The results indicate that the adenine and guanine 
of DNA were derived to a small extent from the adenylie acid b, as had 
been observed previously (7). It would seem that some portion of the 
adenylic acid 6, presumably the ribose, was utilized for the synthesis of 
deoxyribose, since all of the isolated nucleotides were labeled to a slight 
extent. The deoxyribose of the deoxyadenylic acid was derived from the 
injected nucleotide to a slightly greater extent than was the deoxyribose of 
the other isolated nucleotides, although, because of the relatively low spe- 
cific activities of these compounds, it is not a highly significant difference. 
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However, there is some indication of conversion of the adenosine moiety 
of adenylic acid b to adenine deoxyriboside. Hammarsten et al. postulated 
a similar process to explain the incorporation of cytidine into the DNA of 
the rat (38), and Rose and Schweigert presented evidence which indicated 
that cytidine was indeed incorporated into DNA in this manner (39); the 
accompanying paper (40) clearly demonstrates this for cytidylic acid. 


TABLE V 
Incorporation of Guanine and Ribose of Guanylic Acid b 
Two rats, 245 and 251 gm., each received 3.8 ml. per injection of guanylic acid b 
solution (8.50 umoles per ml.); 3.74 atom per cent excess N!5; specific activities, C'; 


nucleotide, 20,400 c.p.m. per umole; guanine, 9810 c.p.m. per umole; ribose, 10,460 
¢.p.m. per umole. 























Relative 
Atom _— pany ¢-P-M.) Relative specific activity oetiey 
Isolated per cent = 
excess N15 Relative 
" specific 
Base nae Sugar Base* Sugar | activity 
purine 
Adenylic acid a...... 0.008 17 0.17 (0.21) | 0.17 1 
= i 0.003 12 6 0.12 (0.08) | 0.15 1 
Guanylic “ a...... 0.043 106 20 1.08 (1.15) | 0.19 0.18 
we = 6......1 Oe 102 30 1.04 (1.18) | 0.29 0.28 
Cytidylic “* ........ 0.011 14 0.14f 
Uridylic ‘ ........ 0.004 16 0.16f 
Deoxyadenylic acid. .| 3 9 6f | 0.03 0.06 
Deoxyguanylic “ ..! 19 | 27 8t | 0.19 0.08 
Deoxycytidylie “ ..| 2} 19 | 17t | 0.02 0.17 
Thymidylic acid. ....| 1}; 10 9t | 0.01 0.09 

















* For the values in parentheses see Table II, foot-note. 

{ Calculated on the assumption that all of the activity of the nucleotide was in 
the ribose. 

¢ Calculated by difference. 


The results of the incorporation of the guanylic acids a and b as traced 
with C“ and N’® are reported in Tables IV and V. It had been found 
previously that the guanine of guanylic acid b was incorporated into the 
RNA guanine of the rat and that a very small amount of it was converted 
to RNA adenine (7). The present data confirm those results and, in 
addition, demonstrate that the guanine of guanylic acid a is similarly in- 
corporated. It can be seen that the purine of each of the two isomeric 
guanylic acids is utilized to the same extent for RNA synthesis and, indeed, 
no significant difference between the extent of incorporation of any of the 
components of the two guanylic acids was observed. In both experiments, 
the ribose of the isolated adenylic acids and pyrimidine nucleotides had 
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been derived from the injected guanylic acids to a small extent. The 
ribose of pyrimidine nucleotides had also been derived from the adenylic 
acids to approximately the same extent, which probably represents the 
extent of incorporation of ribose or one of its metabolic products liberated 
from the nucleotides. Although a ribose to base ratio of about 1 can be 
calculated for the isolated adenylic acids, probably all of the ribose was 
derived in a non-specific manner, and it does not indicate that transforma- 
tion of guanine to adenine must have involved intact nucleosides. 

The ribose of the isolated guanylic acids was derived only about 20 
per cent (18, 19, 21, and 28 per cent) as well from the injected guanylic 
acids as was the guanine, in contrast to the results which were obtained 
when adenylic acids were injected. It must be concluded, therefore, that 
guanine was largely incorporated after having been split from the ribose 
and that, at the most, 20 per cent (and considerably less, if the general la- 
beling of ribose is considered) was incorporated with the nucleoside link- 
age unbroken. 

The guanine of guanylic acid b was incorporated to a slight extent into 
the DNA guanine, but any conversion to DNA adenine was too small to 
be detected. The ribose of guanylic acid b was utilized for the formation 
of the deoxyribose of all of the isolated deoxyribonucleotides. There is no 
suggestion that the guanosine portion of the guanylic acid b was directly 
converted to a guanine deoxyriboside derivative. Rather, it would appear 
that here guanine had been split from the nucleotide and then incorporated 
into the DNA. 

It is difficult to reconcile these results with the facts that guanine is 
scarcely utilized by the rat and that the purine moiety of guanosine is 
much less extensively used for nucleic acid synthesis than is the guanine 
of guanylic acids.'_ The available evidence can be rationalized by the 
assumption that an efficient transglycosidation can occur from a phospho- 
rylated ribosyl derivative of guanine but not from guanosine. Such a 
transfer of a purine to a new ribosyl derivative, which for emphasis can be 
termed transpurination, occurs to a smaller extent with the adenine deriva- 
tives studied and also in the course of conversion of either purine into 
deoxyribonucleic acid derivatives. Whether purines can be so transferred 
directly onto the backbone of preexisting nucleic acids cannot yet be ascer- 
tained, but that is a possibility to consider. 


SUMMARY 


Samples were prepared of the 2’ and 3’ isomers of adenylic acid and the 
a and b isomers of guanylic acid (presumably the 2’ and 3’ isomers). These 
were labeled with C™ in both the ribose and purine, with N' in the purine, 
and with P®, The extent of incorporation into the visceral nucleic acids 
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of the rat of the phosphorus, the purines, and the ribose of these compounds 
was determined. All of the nucleotides were extensively dephosphorylated, 
and there was no evidence for the incorporation of intact nucleotides. The 
adenosine of the adenylic acids was the principal unit incorporated into 
RNA, although there was some independent incorporation of the adenine 
moiety. There was some conversion of adenine to guanine without ap- 
parent cleavage of the riboside, and there was evidence that adenosine was 
converted to an adenine deoxyriboside derivative with the glycosidic 
linkage intact. The incorporation of the guanine of guanylic acids was 
largely independent of the ribose to which it has been attached. No differ- 
ence in the extent of incorporation of the two guanylic acid isomers was 
observed. 


The authors wish to acknowledge the capable assistance of Mrs. Kay 
Kaplan. 
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THE UTILIZATION OF NUCLEOTIDES BY THE MAMMAL 
V. METABOLISM OF PYRIMIDINE NUCLEOTIDES* 


By PAUL M. ROLL,f HERBERT WEINFELD,}{ anp ELIZABETH CARROLL 


(From the Laboratories of the Sloan-Kettering Division of Cornell University 
Medical College, New York, New York) 


(Received for publication, September 12, 1955) 


Over a period of years evidence has accumulated which indicates that 
the metabolism by the mammal of pyrimidines derived from nucleic acids 
differs from that of pyrimidines combined as nucleosides, nucleotides, or 
nucleic acids. A metabolic dissimilarity was first observed in nitrogen 
balance studies of the catabolism of free and combined pyrimidines. The 
early work has been discussed in detail recently (2, 3). The results of 
these studies may be interpreted to indicate that combined pyrimidines, 
when injected or fed, regardless of amount, are completely degraded, since 
an extra excretion of urea accounted for all of the pyrimidine nitrogen 
given, and no pyrimidines, free or combined, could be detected in the 
urine. However, when free pyrimidines were given, they were only 
partly degraded, apparently also to urea, and were partly excreted un- 
changed in the urine. The use of isotopically labeled free pyrimidines, 
usually administered in much smaller amounts than were given in the 
balance studies, has demonstrated that pyrimidines are extensively de- 
graded. Pyrimidine nitrogen reaches urea, although not directly (4), but 
some of each of the administered compounds resists catabolism and is ex- 
creted in a form that could be the unchanged pyrimidine (3-5). The cata- 
bolic fate of isotopically labeled pyrimidine nucleosides and nucleotides 
has not been reported. 

Another metabolic dissimilarity between free and combined pyrimidines 
is the pronounced difference in the extent of utilization of the two types 
of compounds for nucleic acid synthesis by the rat. The nucleic acids of 
normal rat tissue are derived to a limited or insignificant extent from 
thymine (6), uracil (6), or cytosine (5). It is only in certain unique tissue 

* This investigation was supported by funds from the National Cancer Institute, 
National Institutes of Health, Public Health Service (grant No. C-471), and from 
the Atomic Energy Commission (contract No. AT(30-1)-910). Preliminary reports 
of portions of this work have appeared (1). 


+ Present address, Department of Biochemistry, Marquette University School of 
Medicine, Milwaukee, Wisconsin. 


t Present address, Institute of Industrial Medicine, New York University-Belle- 
vue Medical Center, New York. 
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(e.g., regenerating liver and precancerous liver) that nucleic acids are 
formed from these pyrimidines to an appreciable extent (1, 7,8). On the 
other hand, the combined pyrimidines are extensively incorporated into the 
ribonucleic acids (RNA) and deoxyribonucleic acids (DNA) of the rat. 
For example, it was found that a mixture of ribonucleotides produced by 
the alkaline hydrolysis of N'-labeled yeast nucleic acid furnished pre- 
cursors which reached the nucleic acid pyrimidines (9). Shortly there- 
after, Hammarsten, Reichard, and Saluste (10, 11) reported that N’®- 
labeled cytidine was well incorporated into all of the pyrimidines of both 
RNA and DNA, and that N™-labeled uridine was similarly, but much less 
extensively, incorporated. N'*-labeled pyrimidine deoxyribosides have 
also been found to be precursors of DNA pyrimidines (12). 

It seemed advisable to extend these studies to include an investigation 
of the metabolism of individual pyrimidine nucleotides in order that the 
effectiveness of cytidylic acid and uridylic acid as nucleic acid precursors 
could be ascertained, and that the catabolism of these nucleotides could 
be studied. Consequently, N'-labeled pyrimidine nucleotides were pre- 
pared and given to rats under conditions which allowed a comparison of the 
patterns of incorporation of these compounds with those of free pyrimi- 
dines and of pyrimidine nucleosides. The distribution of the nitrogen of 
the pyrimidine nucleotides among several urinary constituents was also 
determined. The results demonstrate that the pyrimidines of both cytidy- 
lic and uridylic acids can be incorporated into nucleic acids, but do not 
establish the relative significance of pyrimidine nucleotides, compared to 
nucleosides (10, 11), as precursors in the biosynthesis of nucleic acids. 
Also, in this study and in those previously reported (9, 10, 11), only the 
pyrimidine portions of the precursors were labeled, so that it was not pos- 
sible to determine what transformations these compounds might undergo 
in the processes of incorporation of the pyrimidine moieties. 

Rose and Schweigert (13) have observed that cytidine, labeled with C™ 
in both the pyrimidine and the ribose, was incorporated into both the 
pyrimidine nucleotides of RNA and DNA of the rat with no cleavage of 
the nucleosidic linkage. Studies with triply labeled purine nucleotides 
have demonstrated that dephosphorylation precedes the incorporation of 
the remainder of the compounds, and that the adenine is extensively in- 
corporated and converted to guanine while the bond between the purine 
and the ribose remains intact. However, the guanine of guanylic acid is 
principally incorporated after having been split from the rest of the original 
nucleotide (14). For this reason a second series of experiments was 
carried out in which pyrimidine nucleotides were uniformly labeled with 
C™ in both the base and the ribose, and also with P*, in order that each 
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component of the nucleotides could be followed independently and simul- 
taneously. 


EXPERIMENTAL 


Experiments with N‘*-Labeled Pyrimidine Nucleotides—The preparation 
of N'5-labeled nucleotides from yeast nucleic acid, uniformly labeled with 
N15, has been described (15). The cytidylic acid and diammonium uridy- 
late isolated in that experiment were used here. The ultraviolet spectra 
of these compounds agreed well with the published data (16), and the 
elementary analyses were satisfactory. By paper chromatography (5 per 
cent NaH»PO,, pH 7, isoamyl alcohol) (17), the compounds were shown to 
be uncontaminated by purines, pyrimidines, nucleosides, or purine nucleo- 
tides. That each pyrimidine nucleotide was uncontaminated by the other 
was demonstrated by the failure to detect the presence of a pyrimidine 
other than the expected one when a sample of each compound was hy- 
drolyzed and the resulting pyrimidine was recovered by ion exchange (15). 
The atom per cent excess N!® was found to be 3.22 for the cytidylic acid 
and 1.60 for the diammonium uridylate, or 3.20 for the uridylic acid. 

Three separate experiments were carried out, two with cytidylic acid 
and one with uridylic acid. In each experiment the nucleotide was ad- 
ministered by intraperitoneal injection to two adult Sherman strain male 
rats at a level of 0.4 mmole per kilo of body weight per day, for 3 days. 
The animals were maintained in metabolism cages which allowed quanti- 
tative collection of urine uncontaminated with feces and food. The urine 
excreted throughout the experiments and the water rinsings were col- 
lected and preserved under toluene. 

On the 4th day the animals were sacrificed; the liver, spleen, testes, kid- 
neys, and small intestine were removed and combined, and the purines 
and the pyrimidines of both the RNA and the DNA of the tissue were ob- 
tained in aqueous solution for N'® determination (15). 

Quantitative urea, ammonia, and total nitrogen determinations were 
carried out on the samples of urine collected during the uridylic acid and 
one cytidylic acid experiment. Urea and ammonia were isolated from 
the urines (18), and total N was obtained by Kjeldahl digestion of samples 
of the urine. The N* content of these compounds was determined, and 
the amount of N!® excreted in each of these forms was calculated. 

The urine collected during the cytidylic acid experiment was examined 
for pyrimidines according to a modification of the method of Mendel and 
Myers (19). 25 ml. of 10 per cent HgSO, in 1 nN H,SO, were added to 
100 ml. of urine, and 10 n NaOH was slowly added until the pH was about 
9. The precipitate was removed by filtration, washed several times with 
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H,O, and decomposed with HS. The aerated solution was brought to 
pH 12 with NaOH and was passed through a column of Dowex 1,! OH- 
(200 to 400 mesh; 1.16 sq. em. X 10 cm.) and pyrimidines were eluted. 
About 5 mg. of uracil were obtained, and only a trace of cytosine (or cy- 
tidine, since this procedure will not completely separate cytosine and 
cytidine) was found. The uracil was recovered and analyzed for N' (15). 

Experiments with C'- and P*-Labeled Nucleotides—Pyrimidine nucleo- 
tides labeled with C™ were isolated from yeast nucleic acid uniformly 
labeled with C'. The isolation and recovery of ribonucleotides in con- 
centrated solution from this nucleic acid have been described (14). The 
pyrimidine nucleotides isolated in that experiment were used here, and the 
concentration and specific activities were determined as before. The P*- 
labeled nucleotides were prepared by a repetition of the procedure used 
previously (14) in which yeast grown in a medium containing about 5 
me. of P*? as H;PO, was processed? to yield the nucleic acid from which 
the ribonucleotides were obtained. The specific activities were determined 
as previously reported (14). 

In order to ascertain the distribution of isotope between the pyrimidine 
and the ribose of the C'-labeled nucleotides, a small sample of the solution 
of each nucleotide (about 5 X 10‘ c.p.m.) was mixed with 8 mg. of unlabeled 
nucleotide and was diluted to 25 ml. The specific activity of the resulting 
solution was determined. The solution was evaporated and the nucleo- 
tide was hydrolyzed by HClO,, and the pyrimidine was recovered by ion 
exchange chromatography (15) and dissolved in H,O. The specific activity 
of the pyrimidine was also determined. It was found that, within experi- 
mental error, the counts per minute per micromole of the carbon of the 
ribose or of the pyrimidine of each nucleotide were the same. Conse- 
quently, the specific activities of the ribose and the pyrimidines of these 
nucleotides have been calculated as five-ninths and four-ninths, respec- 
tively, of the specific activities of the nucleotides. 

The injection solution of each nucleotide was prepared by mixing meas- 
ured quantities of the C'* and P*-labeled compounds with unlabeled 
nucleotide. 5 ml. (about 4 wmoles) of cytidylic acid-C“ (6.97 X 10° c.p.m.) 
were mixed with 3.5 ml. (about 3 uwmoles) of cytidylic acid-P*; 65 mg. of 
unlabeled nucleotide were added, and the solution was diluted to 26 ml. 
It was found to contain 7.88 umoles per ml., so that the specific activity 
due to C™“ was 3.40 X 10‘ c.p.m. per umole. 5 ml. (about 4 umoles) of 
uridylic acid-C“ (8.90 X 10° c.p.m.) were mixed with 8 ml. (about 3 
umoles) of uridylic acid-P*; 73 mg. of unlabeled nucleotide were added, 
and the solution was diluted to 26 ml. It contained 8.68 umoles per ml., 


1 National Aluminate Corporation, Chicago, Illinois. 
2 Obtained from the Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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so that the specific activity due to C was 3.94 X 10‘ ¢.p.m. per umole. 
A sample of each nucleotide solution was appropriately diluted and used 
for the determination of specific activity due to P® (14). 

Each nucleotide was given by intraperitoneal injection to two adult, 
male, Sherman strain rats. Each rat received 0.4 mmole of nucleotide per 
kilo of body weight in three equal doses at 2 hour intervals. The animals 
were sacrificed 26 hours after the first injection. The liver, kidneys, small 
intestine, spleen, and testes were removed and were processed for nucleic 
acids and inorganic phosphate as previously described (14). The ribo- 
nucleotides were isolated and the specific activity due to P® was measured. 
The purine nucleotides were degraded, and the specific activity of the 
ribose and the purine of each were determined (14). 

The aqueous solution of each sample of isolated cytidylic acid was ad- 
justed to pH 5.3; 1.5 ml. of prostatic phosphatase (20, 14) (0.4 mg. per 
ml.) were added; the solution was incubated at 37° for 2.5 hours and was 
then passed through a column of Dowex 1, Cl- (0.8 sq. cm. X 2 em.) to 
remove inorganic phosphate, any unhydrolyzed cytidylic acid, and prob- 
ably protein. The solution was diluted to about 100 ml., with HCl added 
to a concentration of 0.1 N, and passed through a small column! of Dowex 
50, H+ (0.8 sq. em. X 3 cm.) to absorb the cytidine. The resin was washed 
with H,O, and the nucleoside was eluted with 2 N HCl. The solution was 
concentrated to dryness in vacuo. The solid was repeatedly dissolved in 
H,0 and concentrated to remove HCl. Finally, the cytidine was dissolved 
in water and used for determination of specific activity. 

The aqueous solution of each sample of isolated uridylic acid was de- 
phosphorylated and passed over Dowex 1 in the same way as were the 
cytidylic acids. The solution of uridine was concentrated to dryness in 
vacuo and the solid was dissolved in 200 ml. of 0.1 n NaOH. This solu- 
tion was passed through a column of Dowex 1, OH- (0.8 sq. cm. X 3 
cm.) to absorb the nucleoside. The resin was washed with H,O, and the 
uridine was eluted with 25 ml. of 1 n HCl. The HCl was removed as 
described above, and the aqueous solution of uridine was used for the 
determination of specific activity. 

RNA pyrimidines were obtained from samples of the isolated nucleic 
acids and specific activities were determined (15). The specific activity of 
the ribose of each pyrimidine nucleoside was not measured directly but 
was calculated as the difference between the specific activities of the nu- 
cleoside and the constituent pyrimidine. 

Each sample of isolated DNA was divided into two parts. Deoxyribo- 
nucleotides were isolated from one part (14), and purines and pyrimidines 
were isolated from the other (15). Solutions of each of these compounds 
were used for the determination of specific activity (14), and the deoxy- 
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nucleotides were measured at least 8 months later, at which time the P® 
radioactivity had decayed to an insignificant level. 


RESULTS AND DISCUSSION 


The results of the incorporation of the N'-labeled pyrimidine nucleo- 
tides are described in Table I. The cytidylic acid was an excellent pre- 
cursor of each pyrimidine of both RNA and DNA, but was incorporated 


TABLE I 
Injection of N'5-Labeled Pyrimidine Nucleotides 

Uridylie acid; two rats, weighing 325 and 342 gm., each received 50 mg. per day 
for 3 days of diammonium uridylate. 1.60 atom per cent excess N'5 in diammonium 
uridylate or 3.20 atom per cent excess in uridylic acid. Cytidylic acid; Experiment 
I, one rat (332 gm.) received 43 mg. and one (268 gm.) received 35 mg. per day for 3 
days of cytidylic acid; 3.22 atom per cent excess N'5. Experiment II, one rat (327 
gm.) received 42 mg. and one (299 gm.) 39 mg. on the same schedule. 























Uridylic acid Cytidylic acid 
oe es Experiment I Experiment II 
= RIC* Atom per ‘ Atom per : 
cent excess RIC* cent excess RIC* 
Nis Nis 
RNA Cytosine 0.027 0.72 0.335 10.3 0.348 10.7 
Uracil 0.040 | 0.146 4.41 0.186 5.65 
Adenine 0.009 0.2 0.004 0 0.006 0.06 
Guanine 0.008 0.1 0.003 0 0.004 0 
DNA Cytosine 0.015 0.34 0.140 4.22 0.136 4.10 
Thymine 0.017 0.41 0.034 0.93 0.058 js 
Adenine 0.004 0 0.003 0 0.003 0 
Guanine 0.003 0 0.003 0 0.004 0 




















* Relative isotope content = ((atom per cent excess in isolated compound X 100)/ 
(atom per cent excess in administered compound)). Corrected for 0.004 atom per 
cent excess N'5 normally found in biological material (21). 


into the cytosine of each nucleic acid somewhat better than into the other 
pyrimidine. The excellent agreement between the same experiments on 
two groups of animals is noteworthy. There was no indication that the 
purines of either RNA or DNA were derived from the cytidylic acids. 
Uridylic acid was a much less effective precursor than was cytidylic acid, 
and was more extensively incorporated into uracil than into cytosine of 
RNA and better into thymine than into cytosine of DNA. There was a 
small, but still significant, incorporation of the N'* into RNA purines. The 
latter may well have resulted from the incorporation of N'* from break- 
down products of the uracil moiety, which would not be inconsistent with 
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the finding that the pyrimidine of uridylic acid was much more extensively 
degraded than was the pyrimidine of cytidylic acid (Table II). 

Fortunately, a direct comparison (1) of these results with the cytidine 
and uridine experiments (11) is practical, since in both investigations the 
dosages were similar (0.4 and 0.34 mmoles per kilo), and the duration of 
the experiments and the species used were identical. The cytidylic acid 
and the cytidine were incorporated to about the same extent. On the 
other hand, DNA purines were not derived from cytidylic acid, whereas it 
had been found that the nitrogen of cytidine was appreciably incorporated 
into them, especially into DNA adenine (11). 


TABLE II 
Urinary Excretion of Nitrogen of Injected N‘5-Labeled Pyrimidine Nucleotides 
Cytidylic acid; 3.22 atom per cent excess N'5; 13.0 per cent N; 243 mg. given in 3 
days. 243 X 0.130 X 0.0322 = 1.015 mg. of N'5. Uridylic acid; (NH,4)2-diammonium 
uridylate (2’ and 3’) 3.20 atom per cent excess N" in ring N; 7.45 per cent ring N; 
300 mg. given in 3 days. 300 X 0.0745 X 0.0320 = 0.715 mg. of N*. 




















Cytidylic acid Uridylic acid 
Atom Per cent Atom Per cent 
N per cent| N'5* | injected N per cent} N15* injected 
excreted] excess |excreted| compoundiexcreted| excess jexcreted| compound 
N15 excreted Nis excreted 
mg. ™/! ri mg. mg. 
Total urinary N...... 2570 | 0.028 | 0.62 61 2110 | 0.030 | 0.55 77 
 ’ OA ee 2350 | 0.013 | 0.21 21 1980 | 0.031 | 0.54 76 
eee ee aera 71 | 0.023 | 0.01 1 73 | 0.030 | 0.02 3 
Nis 5 tek one rete 2.09 





























* Corrected for 0.004 atom per cent excess N!5 normally found in biological mate- 
rial (21). 


With uridine there was a very small and not very specific utilization of 
the nucleoside for the synthesis of polynucleotide pyrimidines, and the 
RNA pyrimidines and the DNA purines and pyrimidines were labeled to 
about the same extent. Uridylic acid, however, was incorporated into 
RNA pyrimidines about twice as well as was uridine; it was incorporated 
into DNA pyrimidines about as well as was the nucleoside, and no appear- 
unce of isotope in the DNA purines was detected. 

In Table II is shown the distribution of the nitrogen from the pyrimi- 
dine nucleotides among the urinary constituents. It can be seen that 77 
per cent of the nitrogen of the uridylic acid was excreted during the 3 days 
of the experiment. Of this nitrogen, all of it (103 per cent) was excreted 
as urea and ammonia, which indicates that complete degradation of the 
pyrimidine moiety occurred in the catabolism of uridylic acid. However, 
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with the cytidylic acid, 61 per cent of the nitrogen was excreted and only 
36 per cent of that was in the form of urea and ammonia. This fact, 
together with the fact that there was a large amount of highly labeled 
uracil isolated from the urine, demonstrates that in the catabolism of the 
cytidylic acid much of the pyrimidine was not completely degraded. 

The isolation of uracil containing 2.09 atom per cent excess N'* indicates 
that the pyrimidine of the administered compound was diluted about one- 
third and attests that the injected compound must have been in equilib- 
rium with an appreciable source of pyrimidine. It is not known at what 
stage of catabolism the deamination occurred, so that it cannot be decided 
whether this source of pyrimidine was primarily uracil or cytosine deriva- 
tives. The uridine-5’-phosphates and cytidine-5’-phosphates in rat tissue 
(22) could account for this. The finding that the pyrimidine moiety of in- 
jected cytidylic acid is excreted in a large part as uracil contrasts with the 
results of balance studies with cytidine (23), but the observation of Cere- 
cedo (23) that uracil was found in the urine after feeding large amounts 
of cytosine to dogs should be recalled. 

The results of the incorporation of the C'- and P*-labeled pyrimidine 
nucleotides are recorded in Table III. It can be seen that the phosphorus 
of each of these nucleotides was uniformly distributed among all of the 
RNA nucleotides and, furthermore, in each experiment the inorganic phos- 
phate had an activity greater than that of any of the nucleotides. It would 
appear, therefore, that pyrimidine nucleotides, like purine nucleotides (14), 
lose their original phosphate prior to the utilization of the rest of the mole- 
cule ((14) foot-note 1), and that the injected pyrimidine nucleotides are 
not incorporated intact into the nucleic acids of the rat. In an investiga- 
tion of the utilization of the isomeric N'*-labeled cytidylic acids for the 
synthesis of nucleic acids in regenerating rat liver, Reichard (24) could 
find no difference in the extent of incorporation of the cytidine 2’- and 
3’-phosphates. The present results on the dephosphorylation of each nu- 
cleotide correlate with those results. 

The studies of Rose and Schweigert with cytidine (13) showed that the 
specific activity (expressed as counts per minute per micromole of carbon) 
was approximately the same for the pyrimidine and the sugar of each 
nucleoside, so that it was concluded that the base and the sugar moieties 
were incorporated as a unit, and that the ribose was converted to deoxy- 
ribose without cleavage of the nucleosidic linkage. The results presented 
in Table III confirm and extend those observations. The cytidine moiety 
of the injected cytidylic acid was incorporated and was converted into 
deoxyribose derivatives in a similar manner. In addition the uridine 
moiety of uridylic acid was found to be incorporated as an intact unit into 
the uridylic acid and cytidylic acid of the RNA. There is also evidence 
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that some of the deoxyribose of the pyrimidine deoxyribosides was pro- 
duced from the uridylic acid without rupture of the glycosidic linkage, but 
it can be seen that about half of the DNA pyrimidines were derived from 
the uracil of the uridylic acid only after the ribose-pyrimidine bond was 
broken. Relative specific activity’ values calculated from the data of 
Rose and Schweigert are found to be only 21 to 26 per cent as large as 
those found in these experiments and show that under the present experi- 
mental conditions a 4 to 5 times greater incorporation of precursor occurred, 
and thus the relative incorporations observed have a greater experimental 
validity. Nevertheless, sugar to base ratios, calculated from their data, 
are for cytidine, uridine, deoxycytidine, and thymidine, respectively, 1.02, 
1.01, 0.84, and 0.97, compared with 1.09, 0.99, 0.88, and 0.94 found in the 
present experiment. 

The uridylic acid was a much less effective precursor of nucleic acids 
than was cytidylic acid. Indeed, the uridine of the RNA was derived only 
one-quarter as effectively from the uridylic acid as it was from cytidylic 
acid. This could introduce the possibility that an intracellular cytidylic 
acid metabolite was converted to a more complex derivative before being 
deaminated, and that the deaminated product which served as a precursor 
of polynucleotide uridine was not in immediate equilibrium with other 
intracellular uridine derivatives. The facts that cytidylic acid and cytidine 
(11) are far superior to uridylic acid and uridine as precursors of all nucleic 
acid pyrimidines, and that the cytosine derivatives are preferential pre- 
cursors of nucleic acid cytosine, are to be contrasted with the fact that 
orotic acid leads primarily to soluble uracil derivatives and to greater 
renewal of the uracil than of the cytosine of RNA (25). Although it is 
now generally assumed that uracil derivatives are the first formed in syn- 
thesis de novo of pyrimidines, possibly via orotic acid, it appears certain 
that these cytidylic acids, and cytidine, are not incorporated via uracil 
derivatives. 


SUMMARY 


N'-labeled pyrimidine nucleotides were prepared and injected into rats. 
Cytidylic acid was found to be an excellent precursor of the pyrimidines of 
RNA and DNA. Uridylic acid was much less extensively utilized, but 
was also a precursor of RNA and DNA pyrimidines. These compounds 
were incorporated to approximately the same extent as were the correspond- 
ing nucleosides. The nitrogen of uridylic acid was rapidly excreted; 77 
per cent appeared in the urine in 3 days, entirely as urea and ammonia. 
Although 61 per cent of the nitrogen of cytidylic acid was excreted, only 


3 Relative specific activity = (specific activity of isolated compound X 100)/ 
(specific activity of component of injected compounds). 
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36 per cent of this was excreted as urea and ammonia, and the pyrimidine 
of cytidylic acid was extensively excreted as uracil. Pyrimidine nucleo- 
tides uniformly labeled with C™ and with P® were also studied. The 
phosphorus of these nucleotides was not utilized directly but was apparently 
equilibrated with inorganic phosphate. Both the cytidine and uridine 
moieties of these nucleotides were incorporated into RNA as intact units, 
and the cytidine was largely converted to deoxynucleoside derivatives 
without rupture of the nucleoside linkage. With uridylic acid, some cleav- 
age of the glycosidic linkage occurred in the course of transformation into 
deoxynucleoside derivatives. 


The authors wish to express appreciation to Dr. George Bosworth Brown 
for his continued interest and encouragement. 
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THE EFFECT OF ADENOSINE UPON ESTERIFICATION OF 
PHOSPHATE BY ERYTHROCYTE GHOSTS* 
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(Received for publication, March 7, 1955) 


The metabolic activities of erythrocytes and of erythrocyte hemolysates, 
including the utilization of nucleosides such as adenosine and guanosine, 
have been recently reviewed by Prankerd (1). Dische (2, 3) found that 
added adenosine (also inosine and guanosine) disappeared from human 
hemolysates with a simultaneous esterification of inorganic phosphate. 
Formation of triose phosphate and of pentose and hexose monophosphates 
and diphosphates was demonstrable. Similarly, increases of phosphate 
esters in cells of blood (4) preserved with acid-citrate-dextrose solution 
occurred when adenosine was added. Phosphorylated glycolytic inter- 
mediates have also been found in well washed stroma of red cells treated 
" with adenosine (5). Partition of these showed significant variations in 
the stromal and intracellular fractions (6). 

The present study describes a technique whereby morphologically intact 
erythrocyte ghosts are equilibrated in plasma and assayed for metabolic 
activity as affected by adenosine, glucose, adenine, and ribose. Evidence 
is presented for the conversion of inorganic phosphate into acid-soluble 
ester phosphorus, for ribose utilization, and for lactic acid production. 


EXPERIMENTAL 


Blood Specimens—Venous blood of normal individuals was drawn into 
500 ml. sterile plastic bags containing 0.75 ml. (7.5 mg.) of heparin (Liquae- 
min, Hoffmann-La Roche, Inc., 1000 units per ml.). Air was removed and 
the bags were sealed to avoid bacterial contamination. Although the 
blood was ordinarily immediately used for the preparation of ghosts, it 
could be stored at 4° in the bags when it was desired to measure the effects 
of aging the preparation. No prehemolysis was observed. 

Ghost Preparations—Ghosts were made by osmotic hemolysis on a semi- 


* Aided by grants from the Massachusetts division of the American Cancer Soci- 
ety and the Department of the Army to the Department of Biochemistry, Boston 
University School of Medicine, and by grants from the National Institutes of Health 
to the Departments of Medicine of the Peter Bent Brigham Hospital and Harvard 
Medical School. 
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micro scale for composition studies and a macro basis for equilibration 
studies. The procedures were modifications of existing methods (7, 8). 

Semimicromethod—Approximately 6 ml. of prechilled whole blood were 
sedimented at 4° in 15 ml. centrifuge tubes at 1400 X g for 30 minutes. 
The plasma was aspirated and buffy coats were removed with cotton 
swabs. The packed cells were washed once with 0.15 m NaCl and hemoly- 
sis was effected by the addition of 6 volumes of distilled water at 25°. The 
hemolysate was allowed to stand for 30 minutes at room temperature, 
and the osmolarity was restored to normal by the addition of hypertonic 
6.2 per cent cold NaCl solution. Further chilling caused flocculation of 
ghosts, noted by the appearance of a characteristic opaque, orange-red sus- 
pension from one which was previously wine-colored. The ghosts were 
centrifuged at 1400 X g for 30 minutes and washed twice with ice-cold 
0.15 m NaCl. The final preparations contained 22.9 + 0.6 per cent of 
the initial hemoglobin. 

Macromethod—For equilibration studies sufficiently large quantities of 
ghosts were prepared by delivering 50 ml. aliquots of chilled fresh heparin- 
ized whole blood into four 200 ml. centrifuge tubes. The preparation was 
carried out in a cold room at 4°. Centrifugation at 1930 X g for 30 min- 
utes was satisfactory. The once washed (0.15 m NaCl), white, cell-free 
packed cells were hemolyzed with 150 ml. of water which had been acidified 
previously by saturating with 100 per cent CO.. After 30 minutes iso- 
tonicity was reestablished with sufficient amounts of hypertonic (1 volume 
of 6.2 per cent) NaCl. In slightly acid suspension, the ghosts centrifuged 
completely in the cold in 75 minutes. The supernatant fluid was aspirated 
and the suspension was diluted to 175 ml. with CO,.-saturated 0.15 m NaCl 
and centrifuged; the supernatant fluid was discarded and a second washing 
was done with cold bicarbonate-CO, buffer. This final wash was done with 
a physiological bicarbonate buffer to add sufficient bicarbonate to raise the 
bicarbonate ion-CO, ratio in the suspension during equilibration in order 
that the pH could be maintained in the physiological range for whole blood 
with 5 per cent CO.. The yield of ghosts varied from 60 to 80 per cent of 
the packed erythrocyte volume, which is in accord with previous measure- 
ments (9), indicating that the volume of ghosts ranges from 100 to 25 per 
cent of the volume of the red cell. The ghosts were resuspended in plasma 
and counted in a hemocytometer. Microscopic examination of the speci- 
mens indicated the preparation to be cellular but heterogeneous in size 
and pigmentation. Of significance was the relative absence of débris and 
unhemolyzed cells (see Fig. 1). 


Equilibration Technique 


The “ghost blood,” prepared by suspending the packed ghosts with 
sufficient plasma to restore the volume to that of the original whole blood, 
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was agitated gently at 40 to 50 oscillations per minute in siliconed flasks 
at 37° under an atmosphere of 5 per cent CO, and 95 per cent Oz. Co- 
factors such as adenosine were preequilibrated in fresh plasma prior to ad- 
mixture with ghosts for 15 minutes at 37° to attain solubility and tempera- 
ture equilibrium. The composition of a flask for a typical experiment, in 
which the effect of adenosine on ghost metabolism was observed, was as fol- 
lows: 50 ml. of ghost plasma suspension (1 volume of packed ghost mass plus 
1 volume of plasma), 0.88 ml. of 0.11 m phosphate buffer (NaH.PO,- 
Na,HPO,, pH 7.0), 105 mg. of adenosine (7.78 mm per flask), 0.1 ml. of 
50 per cent glucose solution (weight per volume), and P® as NaH.PO,, ap- 





a, i) i eee ! | 
Fig. 1. Left-hand side, ghost plasma suspension. 1 volume of packed ghosts in 
1 volume of plasma. B — phase contrast. 800 X. Right-hand side, normal male 
finger blood. B — phase contrast. 800 X. 


proximately 7.5 X 10° c.p.m. in 0.11 mM phosphate buffer. Phosphorus 
determinations were made by the method of Fiske and Subbarow (10) in 
whole blood and ghost blood protein-free filtrates (10 per cent trichloro- 
acetic acid (TCA)). Protein-free filtrates of ghost plasma required a pre- 
dilution of the sample 1:1 with 0.15 m NaCl to facilitate sedimentation of 
the ghosts (2400 X g for 20 minutes at 2°); hence a ghost-free plasma sam- 
ple could be obtained. The dilution factor was determined from the 
hematocrit of the ghost suspension measured in a Drummond capillary 
centrifuge (25,000 X g for 15 minutes). Acid-soluble ester phosphorus 
was calculated as the difference between the acid-soluble phosphorus and 
the inorganic phosphorus fractions. Lipide phosphorus was calculated as 
the difference between the total phosphorus and the acid-soluble phosphorus 
fractions. 1 ml. samples of the TCA filtrates diluted 1:10 with water were 
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evaporated to dryness at 60° overnight and assayed for radioactivity with 
an end window Geiger-Miiller counter. All samples were counted to no 
less than 5 X 10* counts. Self-absorption in suitable controls was neg- 
ligible. 

Glucose was determined by Nelson’s modification of the Somogyi method 
(11), ribose as total pentoses by the procedure of Mejbaum (12), lactate 
according to Barker and Summerson (13), and hemoglobin by direct pho- 
tometry (14). 

Data representative of a typical ghost preparation are given in Table I. 
Freshly drawn blood (hematocrit 42.0) gave an average yield of 1.6 ml. of 
ghosts from five samples of 2 ml. each of packed red cells obtained under 


TaBLeE I 
Phosphorus Composition of Ghosts and Erythrocytes 
The values are in micromoles of P per ml. of packed red cells. 





| Intact cells Ghosts 





Phosphorus fraction 





| 
| 
PIN 554 in, ets care 4 dats temas eae 6 15.6 1 


Cells | Wash Hemotysate! Ghosts* | Washt 

| | nt 

| 0.8 | 2.10 | 
SEES | 3.10 | 0.48 3.34 | 0.40 | 0.37 
RS Aa aaa | 9.38 6.80 | 0.39 
Lipide P (by difference)............. | 3.16 | 0.39 | 1.29 


| . 





* Average yield of ghosts was 0.8 ml. from 1 ml. of packed red blood cells. 

¢ Micromoles of P per wash of 5 ml. of isotonic (0.15 m) NaCl. The hemoglobin 
per 10° ghosts was 6.9 mg. Electrolytes (milliequivalents per liter of packed cells), 
when isotonicity was established with hypertonic NaCl, Na*, 100.9; K*, 2.55. 

t Cellular ester P = total acid-soluble P less inorganic P. 


identical centrifugation conditions (1395 X g). The ester phosphorus of 
the ghosts was only a small fraction of that of the intact erythrocyte. 
Hemolysis of the red cells caused the conversion of an appreciable amount 
of the acid-soluble ester fraction to inorganic phosphate, since the sum of 
the inorganic phosphorus of ghosts and hemolysate exceeded the cellular 
inorganic phosphorus. Most of the ester phosphorus was liberated un- 
hydrolyzed in the hemolysate. Hemolysis and washing also caused a 
significant loss of lipide phosphorus. 


Influence of Adenosine on Erythrocyte and Ghost Metabolism 


The ability of adenosine to effect esterification of inorganic phosphorus 
in intact erythrocytes and in frozen-thawed hemolysates has been previ- 
ously demonstrated (2, 4, 5). We have confirmed these observations in 
our preparations, using white, cell-free whole blood made incoagulable 
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with both standard acid-citrate-dextrose solution and with heparin. Sig- 
nificant increases of the total acid-soluble fraction and the 7 minute acid- 
hydrolyzable, 100 minute acid-hydrolyzable, and non-acid-hydrolyzable 
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Fig. 2. Influence of adenosine on plasma inorganic phosphorus. Intact cells from 
1 day-old heparinized, white, cell-free blood in homologous heparinized plasma at 
37°. 50 ml. of blood equilibrated for 5 hours with 7.68 mm adenosine and 0.88 ml. of 
0.11 m phosphate buffer (NasHPO,-NaH2PO,) containing approximately 10.2 ue. of 
P% (5.5 X 10®c.p.m.) as NaH:PO,. The pH was 7.35 +0.05. @, adenosine (average 
hematocrit 46.1); O, control (average hematocrit 41.9). R.S. A. (lower curves) = 
relative specific activity of the plasma inorganic P (counts per minute per mil- 
limole of P X 10‘). W.B. = whole blood. 

Fia. 3. Influence of adenosine on whole blood inorganic phosphorus of ghost and 
red blood cell (R. B. C.) suspensions in plasma at 37°. Cells from 1 day-old heparin- 
ized, white, cell-free whole blood in homologous heparinized plasma. 50 ml. cell 
suspensions (1:1 packed cells to plasma) were equilibrated with 6.65 mm adenosine 
and 0.88 ml. of 0.11 m phosphate buffer. Curve A, intact red blood cells with adeno- 
sine, average pH 7.42; Curve B, control red blood cells, average pH 7.34; Curve 
C, ghosts with adenosine, average pH 7.36; Curve D, control ghosts, average pH 
7.22. 


subfractions of the ester phosphorus were observed. Adenosine caused a 
precipitous fall in the plasma inorganic P in reconstituted white, cell-free 
whole blood. The resulting relative specific activities remained relatively 
constant over the 5 hour interval, whereas a slight rise in the inorganic P in 
the controls with a linear decrease in the relative specific activities suggests 
that adenosine retards the catabolic breakdown of cellular ester phos- 
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phorus (Fig. 2). In all instances demonstration of this effect was facili- 
tated by the presence of greater than physiological concentrations of in- 
organic phosphate in the plasma, i.e. by the addition of 0.88 ml. of 0.11 m 
NazHPO,-NaH2PO, buffer. Similarly, a paired comparison between in- 
tact cells in plasma and ghost plasma suspensions in the presence of adeno- 
sine showed clearly the ability of the ghost to effect net transport of 
phosphate from the plasma (Fig. 3). The surprisingly greater compara- 
tive amount of phosphate moved by the ghosts is inexplicable and may be 
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Fig. 4. Influence of adenosine on plasma inorganic phosphorus exchange in ghost 
and red blood cell suspensions in plasma at 37°. Cells from 1 day-old heparinized, 
white, cell-free whole blood in homologous heparinized plasma. 50 ml. cell suspen- 
sions (1:1 packed cells to plasma) equilibrated with 6.65 mm adenosine and 0.88 ml. 
of 0.11 m phosphate buffer containing 1.3 X 107 c.p.m. of P*? as NaH.PO,. Curve A, 
intact red blood cells with adenosine; Curve B, control red blood cells; Curve C, 
ghosts with adenosine; Curve D, control ghosts. Cell counts per ml. of suspen- 
sion X 10° for Curve A, 4.36; Curve B, 4.53; Curve C, 2.76; and Curve D, 3.06. 


a reflection of spuriously low ghost counts, although no particular diffi- 
culties were met with counts made at 1 and 5 hours. Both ghosts and 
intact cells in the absence of adenosine gave an efflux of inorganic phos- 
phate of similar magnitude to the plasma. However, the fractional loss of 
phosphate was much less by whole cells because of their relatively greater 
ester phosphate and intracellular phosphate contents. 

The small change in the specific activities for the movement of P® in 
both adenosine-treated cells (Curve A) and ghosts (Curve C) (Fig. 4) indi- 
cates that the influx of phosphate from the plasma to the cells is at least 
equal to the efflux of phosphate from the cells. The greater fall in the 
relative specific activities of the control cells (Curve B) and ghosts (Curve 
D) shows a greater movement of carrier phosphate outward coincident 
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with the breakdown of the cellular ester phosphorus. The intact cells 
of Curves A and B have been corrected for a net loss of cell water, but no 















































TABLE II 
Conversion of Inorganic Phosphorus to Ester Phosphorus in Ghost Plasma Suspensions 
Net inorganic P esterified in 5 hours at 37°. The values are in micromoles per 
102 ghosts per hour. —, decrease; +, increase. 
Sappmneet Cofactors added to ghost blood inorganic r Acid-soluble ester P 
) aa il — 
1 Adenosine —93.0 +98 .4 
2 | « —91.2 +93.0 
3 | - glucose —40.4 +46.4 
4 = “ —54.4 +61.8 
5 | Nothing added +78.8 —70.4 
6 | Glucose +9.60 —9.80 
7 - —2.6 +6.8 
S Plasma control with adenosine | None None 
| Tasie III 
Pentose Utilization and Lactate Production in Ghost Plasma Suspensions at 37° 
from Cells Stored at 4° 
The values are in micromoles per 10"? cells per hour. No glucose utilization was 
observed in any ghost suspension. 
| Ghosts Red blood cells 
Time blood stored — . : Se Ie £ 
0.390 um adenosine | No adenosine 0.390 um adenosine No adenosine 
Pentose utilization as ribose 
days | 
1 228 | 0 144 0 
8 158 | 0 188 0 
15 | 138 | 0 198 0 
22 151 0 178 0 
Lactate production 
1 | 91 | 85 
8 203 36 
15 | 94 0 
22 | 30 | 0 
comparable correction was made on ghosts of Curves C and D- The data 
suggest the retarding of efflux of inorganic phosphorus by adenosine due 
to synthesis of ester phosphorus by both types of cells. 
The phosphate exchange from plasma to ghosts is an esterification by 
eer 
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the cells as shown in the data presented (Table II). Virtually all of the 
phosphate exchange from the plasma could be accounted for in the organic 
acid-soluble ester phosphorus fraction. Adenosine alone was most effective 
in this respect, whereas in combination with glucose the esterification was 
measurable but markedly reduced. This was surprising, as no preparation 








of ghosts was ever observed to cause the disappearance of glucose. Yeast | 
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Fic. 5. Pentose catabolism by red blood cells and ghosts in presence of adenosine 
at 37°. Curve A, intact red blood cells with adenosine; Curve B, control red blood 
cells; Curve C, ghosts with adenosine; Curve D, control ghosts. Other conditions 
as described in Fig. 3. 





lactic acid dehydrogenase or glyceraldehyde phosphate dehydrogenase | 


added with adenosine in two experiments was without influence on glucose 
utilization, lactate production, or plasma inorganic phosphate transported. 
The constituents of adenosine, namely adenine or ribose, were similarly 
ineffective. Phosphopyruvate transphosphorylase has been shown to be 
dependent upon a high potassium ion environment (15). Ghosts prepared 
by restoring hemolysates to isotonicity with 7.9 per cent KC] demonstrated 
no increase in phosphate esterification. The observations by Dische (2) 
that the pentose of adenosine diminished in frozen-thawed hemolysates 
and a recent observation by one of us (S. B. R.) that the lactate yield in 
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whole cells with glucose and adenosine exceeds the theoretical yield from 
glucose alone have caused us to explore the pentose moiety of adenosine 
as an extraglycolytic source of lactate carbon. For these reasons, ghost 
plasma suspensions were measured for lactic acid production and pentose 
catabolism. A pentose disappearance in ghosts of a magnitude compar- 
able to that in erythrocytes was observed (Fig. 5). This property remained 
present in cells stored up to 22 days at 4°. Qualitatively, lactic acid pro- 
duction was stimulated in adenosine-treated suspensions (Table ITI). 


DISCUSSION 


Ghost suspensions in plasma afford a means of measuring directly the 
ghost metabolic activity. This is in contrast to functions of stroma in 
red cell metabolism studied by the incubation of whole cells, followed by 
isolation and measurement of the contribution of the stroma. The ghost 
suspension, although limited in some respects, provides a convenient way 
to make simultaneous comparisons with intact erythrocytes. The proper- 
ties of this system are characteristic of the method of preparation and are 
not comparable with hemolysates made by freezing blood. The method 
stresses morphological integrity and avoids excessive fragmentation, thus 
permitting certain measurable biochemical reactions which can be evalu- 
ated with intact erythrocytes. From a comparison of whole cells with 
ghosts so prepared, several important comparative facts emerge. The 
ghosts appear to be as effective as the intact cell in esterifying inorganic 
phosphate of plasma with adenosine as substrate. However, the quanti- 
tative differences in the cellular ester-phosphorus pool of both whole and 
hemolyzed cells remain to be determined. It is significant that adenosine 
stimulation of phosphate ester synthesis was not dependent on the stroma 
of frozen-thawed hemolysates (16). The unsparked ghosts make little or 
no lactate, utilize no glucose, and lose phosphorus to the plasma. The 
catabolism of ribose is comparable in both whole erythrocytes and ghosts 
with a small positive lactate production, but the ribose to lactate con- 
version is much more efficient in the whole erythrocyte. In the ghost as 
well as the whole erythrocyte a significant portion of the carbon of the 
pentose of adenosine metabolized is as yet undetermined. 


We are grateful to Dr. William C. Barrett, Jr., and Dr. William F. 
MeNary of the Department of Microanatomy of Boston University School 
of Medicine for assistance in making the photographs. 


SUMMARY 


1. Adenosine with added phosphate caused a rapid movement of inor- 
ganic P from plasma into erythrocytes and morphologically intact ghosts. 
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Efflux of inorganic P from the cells was markedly retarded over 5 hours at 
37°. 


2. Adenosine-fortified ghost plasma suspensions showed comparable | 








ability to whole cells in transporting inorganic P from plasma into the 
ester P pool. The magnitude of pentose catabolism was also similar. 


amounts of glucose, produced small but significant quantities of lactic acid 
presumably from the pentose of adenosine. 
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3. Ghost plasma suspensions, although unable to utilize measurable 
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THE BIOSYNTHESIS OF SHIKIMIC ACID 
FROM pv-GLUCOSE* 
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(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, and the United States Public Health Service, Tuberculosis 
Research Laboratory, Cornell University Medical College, 
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(Received for publication, August 15, 1955) 


Shikimic acid (SA) is accumulated in the culture medium by certain 
bacterial mutants, which require for growth a mixture of tyrosine, phenyl- 
alanine, tryptophan, and several aromatic vitamins (1). Other strains, 
blocked in an earlier reaction in the same sequence, can utilize SA to re- 
place these growth factors (1). SA has therefore been considered as an 
intermediate in the biosynthesis of these compounds. Similar observa- 
tions have shown that 5-dehydroquinic acid (2) and 5-dehydroshikimic 
acid (3) are successive precursors of SA. The conclusion that these three 
substances are true intermediates has been further supported by the results 
of enzymatic studies (4, 5). 

Continued search for accumulated growth factors failed to reveal any 
earlier precursors. Meanwhile the early stages of this pathway have been 
investigated in other laboratories through observations on the conversion 
of certain labeled general carbon sources to tyrosine and phenylalanine 
(6-10). The interpretations of this work, however, have been limited by 
the fact that in these products of SA the two sides of the ring cannot be 
distinguished from each other. Since this distinction can be made in the 
non-aromatic ring of SA, we have investigated the formation of this sub- 
stance from certain labeled compounds. The results indicate that with 
glucose as a sole carbon source 3 of the carbon atoms of SA are derived 
from glycolysis and the remaining 4 from the pentose phosphate pathway. 
Part of this work has been published in preliminary form (11, 12). 
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§ Present address, Department of Pharmacology, New York University College of 
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Methods 


Mutant 83-24 of Escherichia coli, which accumulates SA (1, 13), was 
grown in a medium containing specifically labeled glucose as the sole carbon 
source. In addition, various other labeled compounds were used together 
with unlabeled glucose. After removal of the bacteria SA was isolated 
from the filtrate and degraded according to the scheme shown in Fig. 1. 
The details are given under “Experimental.” 

The degradation procedure yields 8-2, S-4, and S-7 individually.! The 
activity of S-4 is also available as the difference between SA and aconitic 
acid. §S-1 can be obtained from Reaction Sequence 3, Fig. 1, as (S-1,7) — 
(S-7), and S-3, when highly active relative to S-1,7 and S-2, can be ob- 
tained by subtracting these two values from S-7 ,1,2,3. 

In Reaction Sequence 4, which is based on procedures used by Fischer 
and Dangschat in establishing the structure of SA (14), the hydrolysis of 
methyl trans-aconitate with alkali at 60° is accompanied by complete 
a,8-8,y isomerization. Analogous compounds are known to undergo 
such isomerization under similar conditions (15, 16); its occurrence in the 
present degradation is shown by comparing the activities of the products 
of this sequence with those obtained from Reaction Sequence 3. Thus in 
the glucose-3 ,4-C experiment the CO, obtained from aconitic acid, though 
formally derived from 8-3, had only half the activity of S-3 determined, 
as described above, from the results of Reaction Sequence 3. The S-3 
in aconitic acid must therefore have been equilibrated with an essentially 
inactive atom, obviously 8-5. (The inactivity of S-5 in this experiment 
was shown by the fact that S-4 accounted for almost all the activity of 
S-4,5,6.) Further proof for this equilibration is furnished by the fact 
that the CO, obtained from aconitic acid and that obtained from itaconic 
acid (via oxalacetic acid) had the same activity. Accordingly, the ac- 
tivities of the CO, and the formaldehyde obtained by Reaction Sequence 
4 were multiplied by 2 (see below) and presented in Table II as 8-3 ,5 and 
S-2,6 respectively. S-3,5 can be verified by calculation as the difference 
between aconitic acid and itaconic acid, multiplied by 2. 

Given §-2,6, S-6 can be obtained by subtracting S-2. Furthermore, 
when §-3,5 is inactive, as in the G-6-C" experiment, S-6 can also be calcu- 
lated as (S-4,5,6) — (S-4); 8-2 can then be obtained, independently of its 
separate determination, as (S-2,6) — (S-6). S-5 can be calculated as 
(S-4,5,6) — (S-4) — (8-6). 8-3 can then be determined, independently 
of the method described above, as (S-3,5) — (8-5). 

With the various samples of labeled SA the results of calculating the 

1 The abbreviations S-1, 8-2. ..S-7 will be used to denote carbon atoms 1, 2, etc., 


and the carboxy] of shikimate and G-1, G-2, etc., to denote carbon atoms 1, 2, etc., 
of glucose, 
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Fig. 1. Reactions used for the degradation of labeled shikimic acid (see foot- 
note 1 for abbreviations). 
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activity of a given carbon atom by these different ways were consistent 
within experimental error. Further evidence for the reliability of the 
degradation is available, based on its application to an SA sample in which 
the isotope distribution was predictable on other grounds. 

Samples were counted under standard conditions at infinite thickness on 
stainless steel dishes of 1 sq. cm. area. Before degradation the samples 
of labeled SA were usually diluted with unlabeled material. Unless other- 
wise noted, the observed activities (corrected for background) were at 
least equal to the background count. Enough counts were taken to give 
a probable error of 5 per cent. The results are expressed as counts per 
minute multiplied by the molecular weight of the compound divided by 


TABLE I 


Utilization of Bicarbonate, Formate, Acetate, and Pyruvate for Shikimic Acid 
Formation in Presence of p-Glucose or p-Xylose 

















Labeled addition* Activity of shikimic acid 
Compound 
Concentration Activity Total Carboxyl 
m X 10-4 c.p.m.t c.p.m.t c.p.m.t 
(SL. | 1.7 7X 107 1100 
be | re 15 3.6 X 10° 2500 2000 
C'H;-C¥OO0ONalq.............. 25 5 X 10° 3900 200 
CH;-C¥"O-COONa............. 42 1.1 X 105 120 











* 2.8 X 10-2 m glucose was present in the bicarbonate, formate, and acetate ex- 
periments; 3.3 X 10-? m xylose in the pyruvate experiment. 

{ Counts per minute at infinite thickness under standard conditions multiplied 
by molecular weight of compound, divided by 12. 

¢ 39.4 atom per cent excess C! in the carboxyl group. The resulting shikimic 
acid had the normal abundance of C*. 


12. With BaCO; or formaldehyde derived from more than 1 carbon atom 
of SA (S-3,5, S-2,6, and S-4,5,6) the activity was further multiplied, 
before incorporation into the data of Table II, by the number of carbon 
atoms represented. In this form the data are additive and are directly 
comparable to the labeled atom of the glucose added to the medium. 


Results 


Table I presents the results obtained with labeled pyruvate,’ acetate, 
bicarbonate, or formate in the presence of unlabeled glucose. It can be 
seen that the activity of the SA formed was less than 0.1 per cent that of 
any of these labeled compounds. (Though acetate was poorly incorpo- 
rated, it was extensively metabolized, as shown by the fact that the CO; 


2 Srinivasan, P. R., Sprecher, M., and Sprinson, D. B., unpublished observations. 
3 The experiment with labeled pyruvate was performed by Dr. Arthur Weissbach. 
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evolved was quite radioactive.) With formate the activity was nearly 
all located in the carboxyl group. 


TaBLeE II 
U tilization of V ariously Labeled p -Glucose for Biosynthesis of Shikimic Acid 





Position of label in glucose 





Compound or atom (see foot- 











note 1 for abbreviations) G-3,4 | G-6 
G-1 G-2 : 
a b | a b 

c.p.m.* c.p.m.* c.p.m.* c.p.m.* c.p.m.* c.p.m.* 

Glucose . . 79,000 | 33,400 3170t 8,200¢ | 12,900 4520 
Shikimie acid... 59,400 | 32,900 | 7620 18,200 | 14,400 | 5580 
Methy! shikimate. . 18,800 | 5500 
trans-Aconitie acid. 57,800 34,300 4580 10,700 | 14,500 | 5400 
Itaconic acid. .. | 55,700 | 25,700 | 3560 8,600 | 14,700 5470 
8-7,1,2,3...... | 35,600 | 23,200 | 11,500 2600 
§-4,5,6 (caleulated)t. | 23,800 | 9,700 | 7,000 7,400 2940 
$-1,7. | 3,800 13, 300 | 6,800 800g | 4208 
8-2,6l)...... | 51,200 | 3, 2008 | 0 0 | 13,100 | 5420 
oem. ........ 920§ | 14,800 | 20004 | 4,400 0 
8-1 (calculated).... | 2,700 | 12,500 | 0 0 0 0 
§-2.. | 31,200 1, 9008 | 0 0 6,200 2450 
8-3 (calculated) fe | 700 | 8,000 | 2000 4,400 0 0 
ae .....| 1,100§ | — 800§ | 3000 7,500 0 0 
8-5 (calculated)..... | 200 | 7,300 | 0 0 0 0 
_— © : 20,000 | 1,300 | 0 0 | 7,400 | 2970 
Carboxyl (S- 7)... | 1,100§ | 800§ | 2690 7,050 800§ | 400§ 











* Counts per minute at infinite thickness under standard conditions multiplied 
by molecular weight of compound, divided by 12. 

+ This is the individual value of G-3 and of G-4 and corresponds to an observed 
activity of 6330 for the glucose in experiment G-3, 4 (a) and 16,400 for the glucose in 
experiment G-3, 4 (b). 

t Calculated as the difference between SA and S-7,1,2,3; in experiment G-6 (a) 
calculated as (SA) — (S-1,7) — (S-2) — (8-3). 

§ Observed activity (corrected for background) was less than background count. 

|| Observed value of BaCO; or formaldimedon, multiplied by the number of car- 
bon atoms represented. 

{ Calculated as the difference between aconitic acid and itaconic acid, multi- 
plied by two. 


Experiments were conducted with four kinds of glucose as the sole 
carbon source,‘ specifically labeled in carbon atoms 1, 2, (3,4), and6. Table 


4 A small amount of citrate (0.0031 m), equivalent to } the concentration of glucose, 
was included in the medium because it increased considerably the yield of SA. Its 
réle is at least partly that of decreasing the proportion of SA present in phosphoryl- 
ated form (17). It cannot have contributed a significant amount of carbon to SA, 
since tricarboxylic acid cycle intermediates, as noted under ‘‘Discussion,’’ do not 
participate in this biosynthesis in the presence of glucose. 
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II presents the activities of these glucose samples and of the corresponding 
SA samples and their degradation products. 

In order to facilitate comparison of the results obtained with the different 
kinds of glucose, the activities shown in Table II for the various SA atoms 
were recalculated as fractions of the corresponding glucose activities 
(Table III). The major incorporations are also presented in Fig. 2. Ex- 


TaBLeE III 
Distribution of Individual Carbon Atoms of Glucose in Shikimic Acid 





Activity of shikimate carbon atoms (in per cent of labeled glucose atom) 
Position of label in glucose pei — 



































Total | st | s2 | s3 | s4 | ss | s6 | COOH (S-7) 
ee 75 3 40 1 1 0 25 1 
| BE ae a eae 99 37 6 24 2 22 4 2 
RP Fo ones ccsncenak 230 0 0 59 93 0 0 86 
Pe ic... al nt SE! OO eS 7 
G-5 (caleulated)........ | 120 | 50 0 0 60 





* Calculated on the basis of the individual activity of G-3 and G-4. 
+ Average of the corresponding experiments (a) and (b) of Table II. 


3 or 4 (0.86) 
COOH 


2(0.4 
C65) 


(0.25)! 1(0.4) 
(0.60)6 6(0.5) 


(0 22)2 2(0.24) 
(0.6) 5 3 or 4 (0.59) 


3 or 4(0.9) 


Fic. 2. Major contributions of glucose carbon atoms to shikimate biosynthesis 


cept for S-1 and 8-5, the SA atoms were 80 to 90 per cent accounted for 
by large contributions from glucose atoms 1, 2, (3,4), and 6. In addition, 
there were small incorporations which could not be determined accurately. 
The large “deficiencies” in S-1 and 8-5 presumably arose mostly from G-5, 
the 1 carbon atom of glucose that could not be tested experimentally. 
For reasons that will become clear later these contributions of G-5 have 
not been assigned the full value of the “deficiency” available, but have 
each been assumed to equal the G-6 contribution to an adjacent carbon 
atom (S-2 and 8-6, respectively). 





The 
in the 
detern 
7 carb 
unlike 
of G-E 
6.4 ca 

Cer 
correc 
When 
the pt 
degrac 
of 8-4 
has be 


Ori, 
entire 
The ¢ 
and G 
also al 
is deri 
is der 

Ace 
(Table 
incorp 
pyruv 
of S-2 
result: 
the sy 

Orit 
The d 
8-6, § 


5 Tl 
well d 
(S-2) | 
errors 
of the 
molec 
Fig. 1 
minim 
calcul: 
low in 





wv 


ae we ce 


or 
n, 


0, 


ye 
ye 





SRINIVASAN, SHIGEURA, SPRECHER, SPRINSON, AND DAVIS 483 


The sum of the contributions of G-1, G-2, G-3,4, and G-6, as measured 
in the isolated samples of SA (and similarly in the sum of the activities 
determined for the individual atoms of SA), accounts for only 5.2 of the 
7 carbon atoms of the compound (Column 2, Table III). Since it seems 
unlikely, from the interpretation presented below, that the contribution 
of G-5 can exceed that of G-6 (1.2 atoms), the results account for about 
6.4 carbon atoms of SA (7.e. only 91 per cent).4 

Certain results reported in preliminary publications (11, 12) were in- 
correct, mainly owing to unrecognized errors in the isolation of S-4,5,6. 
When methods for obtaining S-2, S-1,7, and S-7,1,2,3 were developed, 
the previous errors in 8-4,5,6 became apparent. Although the present 
degradation yields the activities of all the atoms of SA without a knowledge 
of S-4,5,6, the calculation of this value (Table II) as (SA) — (S-7,1,2,3) 
has been useful as a check on 8-5 and S-6 obtained from 8-3 ,5 and 8-2,6.° 


DISCUSSION 


Origin of S-2,1,7 from Glycolysis—It is clear that S-2 is derived almost 
entirely from G-1 and G-6, S-1 from G-2 and G-5, and 8-7 from G-3,4. 
The G-1 and G-6 contributions are about equal, as are those from G-2 
and G-5, and so it may be assumed that the G-3 and G-4 contributions are 
also about equal. From this distribution it may be concluded that S-2 ,1,7 
is derived from a 3-carbon intermediate of glycolysis, so oriented that S-2 
is derived from carbon atom 3 of triose phosphate (i.e. G-1,6). 

Acetate and bicarbonate were not significantly incorporated into SA 
(Table I). Since these additions to the medium are known to be well 
incorporated by EL. coli into products of the tricarboxylic cycle and of 
pyruvate, even in the presence of glucose (18), it follows that the derivation 
of S-2,1,7 from glycolysis does not proceed through pyruvate. Similar 
results led Gilvarg and Bloch (8) to the same conclusion with respect to 
the synthesis of tyrosine by yeast. 

Origin of S-3,4,5,6 from Pentose Phosphate and Glycolytic Pathways— 
The derivation of the 3 ,4,5,6 portion of SA from glucose is more complex. 
8-6, S-5, and 8-4 are derived 0.8 to 0.9 from G-1,6, G-2,5, and G-3,4, 


5 The determination of S-7,1,2,3 is reliable, since this fragment was obtained as a 
well defined compound, and its activity was in excellent agreement with (S-1,7) + 
(S-2) in the G-1 and G-6 (b) experiments where S-3 is essentially inactive. The 
errors in the isolation of S-4,5,6 appear to have arisen from excessive concentration 
of the solution during distillation of formic acid. As a result the residue of the SA 
molecule was exposed to concentrated iodic and chloric acids (Reaction Sequence 3, 
Fig. 1) and hence may also have given rise to formic acid. When this difficulty was 
minimized (see ‘‘Experimental’’), the values obtained for S-4,5,6 were close to the 
calculated ones in the G-2 and the G-3,4 (b) experiments but were about 20 per cent 
low in G-1 and G-6 (b) experiments. 
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respectively. The G-6:G-1 and the G-5:G-2 contributions each have a 
ratio of about 2.5:1, and it seems reasonable, as will be shown, to assume 
the same ratio for the G-4:G-3 contributions. 8-3 arises from G-3,4 and 
’ G-2 in a ratio of 2.5:1, respectively. Such a distribution of label can be 
explained by assuming that S-3 ,4,5,6 was derived from tetrose phosphate 
whose formation had involved, as shown in Figs. 3 and 4, the glycolytic 
as well as the pentose phosphate pathway. 

In Reaction Sequence 1 (Fig. 3) fructose-6-phosphate (F-6-P) (1), de- 
rived directly from the glucose administered, exchanges under the influence 
of transaldolase (TA) with triose phosphate which has been equilibrated by 
triose isomerase. This exchange incorporates G-1 ,2,3 into the “bottom” 
3 carbon atoms of F-6-P, yielding II. In a steady state the proportion of 
I and II in the pool® of F-6-P (III) will depend on the rates of supply of 
F-6-P (I) and triose phosphate and on the rate of exchange between them.’ 

Alternatively, in Reaction Sequence 2 (Fig. 3), part of the F-6-P may 
arise by hydrolysis of fructose diphosphate (FDP) in a fraction of which 
G-1,2,3 and G-6,5,4 have been equilibrated through the action of aldolase 
and triose isomerase. The resulting F-6-P is given by IV and the F-6-P 
pool by V. If both Reactions 1 and 2 occur, a different pool will be formed.’ 

From the F-6-P pool tetrose phosphate can then be formed by Reactions 
3, 4, and 5 (Fig. 4), in which pentose phosphate and sedoheptulose-7- 
phosphate are intermediates (19-21). The net effect of these reactions is 
to convert 1 molecule of F-6-P and 2 molecules of triose phosphate to 3 
molecules of tetrose phosphate. In 2 of these the “bottom” 3 carbon 
atoms are derived from the corresponding atoms of F-6-P, and in the 3rd 
tetrose molecule they are derived from the triose phosphate. 

With the F-6-P pool (III) resulting from Reaction Sequence 1, Reactions 
3 and 4a each yield a molecule of tetrose of the composition G-3, (4 > 3), 
(5 >2),(6> 1). Reaction 5 would then give rise to a molecule of the com- 
position G-2, (3 = 4), (2 = 5), (1 = 6). Alternatively, the production of 2 
molecules of the first kind of tetrose in Reaction 3 can be followed by Reac- 


6 Throughout this discussion it is assumed that the various intermediates of glu- 
cose metabolism are not subject to intracellular permeability barriers, but rather 
that each is present in the cell in a homogeneous pool. 

7 For the sake of simplicity it is assumed that the triose phosphate pool involved 
in Reaction 1 (Fig. 3) is composed equally of G-1,2,3 and G-4,5,6. As will be pointed 
out later, Reaction 1 could under certain circumstances lead to an excess of G-4, 5,6. 

8 The enzymes involved in Reaction Sequence 1 (Fig. 3) are known to be present 
in E. coli, but the exchange reaction indicated for transaldolase, though expected, has 
not been directly explored. The phosphatase required for Reaction Sequence 2 
(Fig. 3) has been demonstrated in preliminary experiments on extracts of this strain 
of Z. coli (Srinivasan, P. R., and Sprinson, D. B., unpublished results). We are in- 
debted to Dr. E. Racker for generous supplies of purified FDP and glucose-6-phos- 
phate dehydrogenase required in this assay. 
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tions 4b and 5, again yielding a molecule of the second kind of tetrose. In 
either case the ratio of G-3 to G-2 in carbon 1 of the pooled tetrose would 
be 2. 

The F-6-P pool (V) from Reaction Sequence 2 would yield through the 
same process a pair of tetrose phosphates identical with the above in carbon 
atoms 2 to 4. In carbon atom 1, however, G-(3 > 4) would replace G-3 
and G-(2 > 5) would replace G-2.° 

It is clear that the isotope distribution observed in atoms 4, 5, and 6 
of SA is consistent with their origin from carbon atoms 2, 3, and 4, respec- 
tively, of tetrose phosphate formed as described above. In one-third of 
the tetrose molecules these atoms are derived from triose phosphate, which 
would account for a G-1 ,2 ,3:G-6,5,4 ratio in 8-6,5,4 equal to 1:6. From 
the higher ratio observed (1:2.5) it can be calculated that about two-thirds 
of the pooled F-6-P was derived from the intact chain of glucose and one- 
third had incorporated triose phosphate, possibly by direct exchange 
(Reaction 1) or by hydrolysis of equilibrated FDP (Reaction 2). 

Similarly, the isotope distribution observed in S-3 (G-3 ,4:G-2 in a ratio 
of 2.5:1) is consistent with the origin of 8-3 from carbon atom 1 of tetrose 
phosphate. In the latter atom a ratio of 2:1 would be expected, as noted 
above, for the G-3:G-2 contribution derived from “unexchanged” F-6-P 
(1). The effect of Reaction 1 on the F-6-P pool would not influence the 
isotopic composition of this atom of tetrose, while Reaction 2 would cause 
small incorporations of G-4 and G-5. Theoretically the importance of 
Reaction 2 could be evaluated from a determination of these incorpora- 
tions, but such data are not available." 


® Only one kind of pentose phosphate is assumed to enter the reactions in Fig. 4. 
However, in addition, another kind of pentose, in which carbon atoms 1 and 2 are 
both derived from G-3, should be formed by the following sequence of reactions: 


F-6-P + triose-P = tetrose-P + pentose-P; F-6-P + tetrose-P ———> sedo- 


heptulose-7-P + triose-P; sedoheptulose-7-P + triose-P _e, 2 pentose-P. Since 
this kind of pentose could not exceed one-third of the total, and since only a fraction 
of tetrose is derived from pentose (Fig. 4), the effect of this additional kind of pentose 
would be only to introduce somewhat more G-3 into carbon 1 of the tetrose. The 
labeling in the tetrose would also be influenced by a major diversion of pentose 
phosphate, formed in Reaction 3, to reactions other than those in Fig. 4. However, 
the only known diversion of pentose, z.e. its utilization for nucleic acid formation, 
is much less extensive than SA synthesis in these experiments, since the dry weight 
of the bacteria was only 2 to 3 times that of the SA excreted. 

1” Let a = fraction of G-1 in position 6 of pooled F-6-P (III or V). Assume frac- 
tion of G-1 in position 3 of pooled triose phosphate = 0.5. Assume also that 8-3,4,5,6 
is derived from tetrose molecules of which 3 obtain their bottom carbon atoms from 
F-6-P and } from triose (Fig. 4). Then fraction of G-1 in 8-6 = (G-1)/[(G-1) + 
(G-6)] = 0.25/0.85 = 0.29 = [(0.5 X 1) + 2a]/3; whence a = 0.185. Fraction of 
F-6-P pool derived by exchange (Reaction Sequence 1 or 2, Fig. 3) is 2a or 0.37. 

1 As a further consequence of Reactions 3 to 5 (Fig. 4), the F-6-P regenerated in 











488 BIOSYNTHESIS OF SHIKIMIC ACID 


The derivation of SA from triose phosphate and tetrose phosphate re- 
ceives further support in recent enzymatic studies (22) which show that 
appropriate extracts of FE. coli convert phosphoenolpyruvate and p-eryth- 
rose-4-phosphate (23) almost quantitatively to SA. 

Limited Derivation of Pentose Phosphate from Phosphogluconic Acid— 
Pentose phosphate can be derived from F-6-P not only through the action 
of transketolase (Reaction 3, Fig. 4) but also through another widely 
distributed pathway, the oxidative decarboxylation of 6-phosphogluconic 
acid. The relative importance of these two pathways can be estimated 
from the isotopic composition of SA. With the pentose phosphate formed 
from F-6-P (III) or (V) via loss of G-1 from phosphogluconic acid, Reac- 
tions 4 and 5 would yield tetrose phosphate containing only G-3 or G-3 > 4 
in carbon atom 1, and hence 8-3 would contain only G-3,4. In contrast, 
as noted above, the use of pentose phosphate formed by transketolase 
would result in S-3 containing G-3:G-2 or G-(3 > 4):G-(2 > 5) in a ratio 
of 2:1. The value actually observed for G-3 ,4:G-2 was 2.5:1. The de- 
carboxylative pathway therefore does not appear to be a major source of 
pentose in these experiments. Other evidence indicates, however, that 
this pathway is the predominant source of the ribose of nucleic acid in 
another strain of F. coli (24). The reason for this difference is not evident. 
A possible explanation is that the pentose phosphate may not be present 
in a homogeneous pool.® 

Asymmetrical Origin of Glycolytic Fragment (S-2,1,7)—Further inspec- 
tion of 8-2,1,7 (Table III) reveals that G-6 contributed 0.51 of S-2, two 
independent accumulations yielding the values 0.48 and 0.54. In contrast 
G-1 contributed only 0.40 of S-2 and G-2 only 0.37 of S-1. Since this de- 
ficiency of G-1 and G-2 in relation to G-6 is outside the limits of experi- 
mental error, the representation of G-6,5,4 in S8-2,1,7 was larger than 
that of G-1,2,3, perhaps by 20 per cent. 

Reaction 1 (Fig. 3) yields F-6-P (II) containing an excess of G-1,2,3, 
and, to the extent that this F-6-P is converted to products other than triose 
phosphate (e.g. Reactions 3 to 5, Fig. 4), the pool of the latter compound 
would have an excess of G-6,5,4. However, this mechanism alone is 
unlikely to account for an excess as large as 20 per cent, since only a small 
fraction of the total supply of F-6-P passed through Reactions 3 to 5 in 
these experiments." 

Other possible sources of an excess of G-6,5,4 in a glycolytic fragment 
include incomplete equilibration of triose phosphates, oxidative decarboxy- 





Reaction 5 (which would amount to one-third of the glucose entering these reactions) 
should yield the triose G-1,2,1 (or G-1 > 6,2 > 5, 1 > 6) and the tetrose G-1, 3 = 4, 

= 5,1 =6(orG-l > 6,3 = 4,2 =5,1=6). From the observed insignificant in- 
corporation of these fragments into SA, it appears that under these experimental 
conditions the contribution of Reactions 3 to 5 to the F-6-P pool is small. 
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lation of 6-phosphogluconate to pentose-5-phosphate, and cleavage (25, 
26) of 6-phosphogluconate to pyruvate and glyceraldehyde-3-phosphate. 
(This last pathway has been observed in another strain of E. coli (27).) 
Oxidative decarboxylation, as noted above, was only a minor source of 
pentose, and it can be shown on this basis to be unable to account for the 
degree of asymmetry observed in S-2,1,7. The réle of the other possible 
mechanisms cannot be readily evaluated. 

The excess of G-6,5,4 observed in S-2,1,7, whatever the mechanism of 
its origin, would be expected to be present also in the triose phosphate 
pool, since S-2,1,7 is presumably derived from it. However, in the dis- 
cussion of Reactions 1 to 5 (Figs. 3 and 4) it was assumed that in this pool 
G-1,2,3 equals G-6,5,4. In consequence, the contribution of Reactions 
1 and 2 would have to be somewhat greater than that calculated above” 
in order to account for the amount of G-1,2,3 found in 8-6,5,4. 

Comparison with Biosynthesis of Aromatic Amino Acids—The present 
results are consistent with previously reported work on the incorporation 
of G-1 into tyrosine in yeast (9), of G-6 into tyrosine in EF. coli (28), and 
of G-1 and G-6 into protocatechuic acid in Neurospora (29). The earlier 
results of Ehrensvird and collaborators (6) on tyrosine formation from 
acetate-1-C™ are also in agreement, if it is assumed that this compound 
is incorporated via glucose-3 ,4-C™. 

In contrast, subsequent results of the latter workers have indicated 
that carbon 1 of acetate is extensively incorporated into at least 3 atoms 
of the ring of tyrosine (7) and into 3 consecutive atoms of the benzene ring 
of tryptophan (30, 31). A similar incorporation of G-3 ,4 into tryptophan 
has been observed by Rafelson (32). These results appear to be in con- 
flict with the present finding that G-3,4 enters significantly into only 2 
atoms of the ring of SA. The tryptophan data have led to the suggestion 
(32, 33) that glucose-3 ,4-C™ is converted to heptose-3 ,4,5-C, which is 
cyclized to a precursor of SA. However, utilization of the intact carbon 
chain of such a heptose, or of heptose formed by any known mechanism, 
seems excluded by the results presented in this paper. 

It is of interest to note that SA is not an intermediate in the biosynthesis 
of all benzenoid compounds. The o-xylene ring of riboflavin has a distri- 
bution of label from G-1-C™ and G-6-C" entirely different from that re- 
ported here for SA (34). 


EXPERIMENTAL 
Accumulation and Isolation of Shikimic Acid 


Isolation of Shikimic Acid from Bacterial Filtrates—2 liters of a solution 
of the following percentage composition (3) were sterilized by autoclaving: 
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K,HPO, 0.7, KH2PO, 0.3, (NH,)SO, 0.1, MgS0O,-7H:,O 0.01, trisodium 
citrate -2H20 0.05,‘ L-tyrosine 1 X 10-*, pt-phenylalanine 2 X 10-*, L-tryp- 
tophan 5 X 10-4, p-aminobenzoic acid and p-hydroxybenzoic acid each 
1X 10-*. 100 ml. of a sterile solution containing 10 gm. of labeled glucose, 
or 10 gm. of unlabeled glucose plus labeled compound, were added. The 
inoculum was 4 ml. of a freshly grown culture of EF. coli mutant 83-24 
(containing about 4 mg. of bacteria), which had been centrifuged and re- 
suspended in phosphate buffer. After incubation at 35°, with shaking, 
for 48 to 72 hours, the culture medium was acidified to pH 2 with concen- 
trated HCl, heated to 80° to drive off C™“Os, and filtered through Celite. 
When recovery of the bacteria was desired, the separation was effected 
by centrifugation. 

During the isolation all fractions were assayed for SA on paper disks on 
a medium heavily seeded with EZ. coli mutant 83-1 or Aerobacter aerogenes 
mutant A170-143S1 (35). The medium employed was that described 
above, omitting the tryptophan, p-aminobenzoic acid, and p-hydroxyben- 
zoic acid; it was solidified by 1.5 per cent agar. 

Concentrates of SA, obtained by chromatography of bacterial culture 
filtrates on charcoal, were found to require larger amounts of alkali for 
neutralization than expected from the SA content. Moreover, the solu- 
tions showed strong buffering power between pH 6 and 8, and yet were 
free of inorganic phosphate. These results suggested the presence of a 
phosphate ester, as was confirmed by analysis for organic phosphate; 
furthermore, treatment with phosphatase yielded additional SA.” In the 
filtrates of strain 83-24 used the amounts of this ester were sufficient to 
interfere with the purification of SA. The bacterial filtrates were there- 
fore treated with phosphatase prior to chromatography on charcoal. 

For this purpose 2 liters of filtrate were brought to pH 5 to 6 with sodium 
acetate; 2.5 gm. of MgSO,-7H.O and 15 gm. of Clarase were added, and 
the mixture was incubated at 37° for 48 hours. It was then acidified to 
pH 2 with 5 n HCl, heated on a steam bath to precipitate protein, and 
filtered on a fluted paper. The content of SA after this treatment was 
about 400 mg. per liter; before treatment it was 10 to 30 per cent less. 

With the aid of a hydrostatic head of approximately 2 meters the filtrate 
was passed through a column (23 X 5 cm.) of washed Nuchar C-190 


12 This nutritionally inactive derivative of SA was known to be accumulated in 
variable amounts by other mutants that accumulate SA (17) and had been isolated 
and identified as 5-phosphoshikimic acid (Weiss, U., and Mingioli, E. 8., unpublished 
observations). 

183 A gift of Takamine Laboratory, Inc., Clifton, New Jersey. Potato phosphatase, 
prepared according to an unpublished procedure of Dr. A. Kornberg, was equally 
effective. 





(20 
wate 
liter 
elute 


and 

four 
rem< 
recr} 
184° 
176- 
quar 


ethe 
yielc 


The 
I Ss 
relat 
cedu 
Tllici 
were 
24 h 
vacu 
to 7 
(36, 


and 

The 
vate 
3 lit 


with 
bine 
abou 
tains 
of a 


per « 


on 
es 
od 


n- 


re 
or 
u- 
re 


te; 
he 


re- 


im 


nd 


nd 
vas 


ate 
190 
1 in 
ited 
hed 


ase, 
ally 





SRINIVASAN, SHIGEURA, SPRECHER, SPRINSON, AND DAVIS 491 


(20 to 60 mesh) weighed down with sand. The column was washed with 
water until the washings were free of inorganic phosphate (8 liters at 1 
liter per hour), and then with 1 liter of 5 per cent ethanol. SA was then 
eluted with 4.5 liters of 10 per cent ethanol. 

The eluate containing SA was evaporated in vacuo to a small volume 
and lyophilized. The resulting sticky solid was immediately extracted 
four times with 50 ml. portions of boiling absolute ether, the extracts being 
removed by decantation. The residual fine powder or brittle solid was 
recrystallized twice from glacial acetic acid; m.p. 184-185°, reported (36) 
184°. On standing, the ether extract deposited a white powder, m.p. 
176-180°, which was crystallized from glacial acetic acid. Further small 
quantities of SA were recovered by evaporating the ether extracts to 
dryness, removing impurities by one extraction with a few ml. of absolute 
ether, and crystallizing the residual powder from glacial acetic acid; total 
yield 560 mg. 


C;HioOs (174.2). Calculated, C 48.3, H 5.8; found, C 48.2, H 5.6 


The methyl ester melted at 113-114°; reported (14) 113-114°. 

Isolation of Shikimic Acid from Seeds of Illictum verum—SA, needed in 
relatively large amounts to develop the isolation and degradation pro- 
cedures and to dilute the labeled material, was isolated from the seeds of 
Illictum verum (Chinese star anise). 600 gm. of finely pulverized seeds 
were stirred with 2 liters of 95 per cent ethanol at room temperature for 
24 hours. The mixture was filtered and the filtrate was concentrated in 
vacuo to about 150 ml. and allowed to stand at room temperature for 4 
to 7 days. The precipitate was removed, washed with acetone, and dried 
(36, 37); yield 20 gm. 

This crude material was dissolved with warming in 500 ml. of water 
and the solution was filtered by suction through a thin layer of charcoal. 
The clear filtrate was diluted to 3 liters and stirred with 500 gm. of acti- 
vated charcoal (Darco G-60) for 2 hours. The charcoal was washed with 
3 liters of water on a Biichner funnel. 

The SA was removed from the charcoal by stirring for 1.5 hours each 
with three successive 4 liter portions of 25 per cent ethanol. The com- 
bined eluates were concentrated under reduced pressure to a volume of 
about 50 ml. and lyophilized. 13.8 gm. of SA, m.p. 180—-183°, were ob- 
tained. Two recrystallizations from dry glacial acetic acid gave 11 gm. 
of a pure product, m.p. 184-185°. 

More crude SA was obtained by further eluting the charcoal with 25 
per cent ethanol, but this product had to be repurified over charcoal before 
crystallization from glacial acetic acid. 
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Degradation of Shikimic Acid 


S-4 (Reaction 1, Fig. 1)—To a solution of 25 mg. of SA in 10 ml. of 
H,O, held at 5°, was added 0.67 ml. of 0.42 m NalO,.“ After 20 minutes 
the solution was adjusted to pH 2 with 1 n H,SO, and the formic acid was 
distilled in vacuo at room temperature (water bath at 25°) into an ice- 
cooled receiver. Care was taken to avoid concentrating the solution to 
less than one-third its original volume. The distillate was further acidified 
with glacial acetic acid, freed of CO, by brief boiling under reflux, and 
treated with 20 ml. of buffered HgCl: solution (38); the CO. evolved was 
collected. The yield of BaCO; was 20 mg. 

S-7 (Reaction 2, Fig. 1)—25 mg. of Cu dust and 1 ml. of quinoline were 
heated to boiling in a stream of pure N, for several minutes and allowed 
to cool. 25 mg. of SA were added, the mixture was heated to boiling in 
a Woods metal bath, and CO, was collected for 4 hour. The yield of 
BaCO; was 15 mg. 

S-2, S-1,7, S-4,5,6, and S-7,1,2,3 (Reaction Sequence 3, Fig. 1)—To 
obtain S-2, 0.4 ml. of 1 per cent OsO, was added to 100 mg. of SA and 
100 mg. of NaClO; in 8 ml. of H,O (89). After 24 hours at room tempera- 
ture, the OsO, was removed by extraction with four 5 ml. portions of 
benzene. The solution was cooled to 15° and treated with 440 mg. of 
NaHC0Os, 5.3 ml. of 0.42 Mm NalIQ, solution were added dropwise over a 
period of about 10 minutes, and the solution was held for an additional 
30 minutes at 15°. To degrade the resulting formylpyruvate, 2 ml. of 
10 per cent NaOH and a slight excess of 0.1 N I, were added, and the solu- 
tion was warmed in a water bath at 60° for 2 minutes with the addition of 
0.1 N I, to maintain a visible excess. After cooling to room temperature 
excess iodine was destroyed with 10 per cent NaOH, and the mixture was 
cooled in ice for 1 to 2 hours. The precipitated CHI;, originating in the 
methylene carbon of formylpyruvate (cf. (26)) and representing S-2, was 
collected by centrifugation (94 mg.) and recrystallized from aqueous 
methanol (yield 75 mg.). The activities of the crude and the recrystal- 
lized materials were the same. 

To obtain S-1,7, the supernatant solution was acidified to pH 3 with 
2 n HCl and treated with 1 ml. of 7.5 m HI. After filtering the solid 
iodine, residual iodine in the filtrate was destroyed by adding the amount 
of 1 Nn sodium thiosulfate required for decolorization. The solution was 
neutralized with 4 n NH,OH, treated with 2 ml. of 10 per cent CaCl, 
solution, and adjusted to pH 4.5 to 5.0 with 2 n HCl (methyl red). Fol- 
lowing refrigeration overnight the calcium oxalate was collected by cen- 
trifugation and reprecipitated at least twice by dissolving in 2 n HCl and 


14 Tn all procedures involving periodate 97 per cent of the theoretical amount was 
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adding NH,OH to pH 4.5 to 5.0. The salt, now at constant activity, was 
dried in vacuo over P,O;. It had the composition of calcium oxalate mono- 
hydrate, based on titration with permanganate; yield 37 mg. 

To obtain S-4,5,6, a solution of 25 mg. of SA was treated with OsO, 
and NalIQ, as described above for S-2, and the formic acid was collected 
and converted to BaCO; (24 mg.) as for S-4. In order to substantiate 
the assumption that this BaCO; arose equally from S-4, S-5, and S-6, 
repeated control experiments on the stoichiometry of the reaction were 
performed. They showed that under these conditions the 4 moles of 
periodate added were completely used up. (When an excess of periodate 
was present, 5 moles of oxidant were consumed in 2 to3 hours.) The yield 
of formate was then estimated in the following way. After removal of 
iodate with SrCl. at pH 6, the supernatant solution was acidified with 
acetic acid, freed of COs, and treated with HgCl, (as for 8-4). The yield 
of CO, corresponded consistently to 3 moles of formate. In spite of these 
observations the value for 8-4,5,6 obtained in this way was not always 
correct (see “Results”’). 

To obtain S-7,1,2,3 as the bis-2 ,4-dinitrophenylhydrazone of formy]l- 
pyruvate, 100 mg. of SA were treated with OsO, as described for S-2. 
The last traces of benzene were removed from the solution of the 1,3 ,4,5,6- 
pentahydroxycyclohexanecarboxylic acid in a stream of Ne. The solution 
was then hydrogenated over Pt, or over Pd on charcoal, until the amount 
of H, required to reduce the excess ClO; present was taken up (40). 
After removal of the catalyst by filtration 440 mg. of NaHCO; were added 
to the filtrate and 5.3 ml. of 0.42 m NaIO," were added dropwise at 15° 
over a period of 10 minutes. After an additional 30 minutes at this tem- 
perature 2 ml. of 1 m BaCl, were added and the mixture was cooled to 0°. 
Ba(IO3)2 was removed by filtration and 2 ml. of 1 m Na,SO, were added 
to the filtrate. BaSO, was removed by centrifugation and filtration, and 
the last traces of IO;- were reduced by hydrogenation over washed Raney 
nickel until H, uptake almost ceased (25 minutes). The catalyst was 
removed by filtration and the filtrate was added slowly, with stirring, to 
a solution of 0.7 gm. of 2 ,4-dinitrophenylhydrazine in 700 ml. of 2 Nn HCl. 
After 15 minutes at room temperature the mixture was cooled and the 
precipitate was filtered and washed with a little 2 Nn HCl and H,O. After 
drying over KOH in vacuo the amorphous product (85 mg.) was trans- 
ferred to a 12 ml. centrifuge tube, treated with 2.5 ml. of dry ethyl acetate, 
and centrifuged. The residue, which appeared crystalline, was washed 
with 2 X 2.5 ml. of ethyl acetate. Adhering solvent was removed in 
vacuo and the residue (65 mg.) was recrystallized from tetrahydrofuran 
as long fine needles, which contained a molecule of solvent of crystalliza- 
tion; analytical sample, m.p. 196-197°. 
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Ci6H12019Ns-CsHsO (548.4). Calculated. C 43.8, H 3.7, N 20.4 
Found. ** 43.6, ‘* 3.8, ‘* 20.2 


For determining radioactivity the tetrahydrofuran was removed by heating 
in vacuo over P2O; at 100° for 3 hours; analytical sample, m.p. 200-201°. 


CisHi20i10Ns (476.3). Calculated. C 40.4, H 2.5, N 23.5 
Found. “* 40.8, “‘ 2.5, ** 23.2 


After two recrystallizations the product had reached constant activity. 
The yield of solvent-free material was 13 to 20 mg., m.p. 198-200°. To 
confirm purity all samples were recrystallized once more; there was no 
change in melting point or activity. 

The same product is obtained if a large excess (10 ml.) of BaCl, solution 
is used and precipitation with NaeSO, and hydrogenation over Raney 
nickel are omitted. The crude yield, before recrystallization from tetra- 
hydrofuran, is then 40 to 50 per cent higher, but purification is rendered 
more difficult by the presence of sparingly soluble impurities. 

S-2,6 and 8-3 ,5 (Reaction Sequence 4, Fig. 1) (14)—500 mg. of SA were 
dissolved with warming in 4 ml. of dry methanol, cooled to 10°, and treated 
with a slight excess of an ethereal solution of diazomethane (dried over 
KOH). After evaporation of the solvent the methyl shikimate was re- 
crystallized from the minimal volume of methanol by the addition of dry 
ether; yield 440 mg., m.p. 114°. 

400 mg. of this ester in 5 ml. of H,O were treated dropwise at 5-10° 
with 9.8 ml. of 0.42 m NalO, and kept at this temperature for 20 minutes. 
The iodate was removed by adding 2.3 ml. of 1 m SrCl:, adjusting the pH 
to 6 with 1 n NaOH, refrigerating overnight, and filtering. The filtrate was 
treated slowly at 5° with 3.5 ml. of 39 per cent perpropionic acid'® and 
kept at room temperature for 24 hours. After removal of a small amount 
of white amorphous material the solution was evaporated to dryness and 
the residue was dried in vacuo over KOH. The product was dissolved in 
10 ml. of H,O and treated dropwise with 3 n NaOH until alkaline to phenol- 
phthalein. The solution was kept at 60° for 5 hours, 3 n NaOH being added 
when necessary to maintain alkalinity. (Evidence for a,8-8,y isomeriza- 
tion during this hydrolysis of methyl aconitate has been presented under 
““Methods.”) The solution was then cooled, acidified to pH 2 with H,SO,, 
and extracted continuously with alcohol-free ether for 20 hours. Evapora- 
tion of the ether left 196 mg. (49 per cent) of crude trans-aconitic acid, 
m.p. 174-180°. Recrystallization from the minimal volume of glacial 
acetic acid gave 152 mg., m.p. 199-200°. 


CeH60¢ (174.1). Calculated, C 41.4, H 3.4; found, C 41.2, H 3.3 





18 We are grateful to Dr. F. P. Greenspan, Buffalo Electrochemical Company, 
Inc., for a generous supply of perpropionic acid. 
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100 mg. of aconitic acid in 2 ml. of HO were sealed in a tube of 3 mm. 
diameter and heated to 180-185° (41). After 2 hours at this temperature 
the tube was chilled in liquid Ne, opened, and placed with its mouth down- 
ward in an apparatus for the collection of CO, in a stream of No. The 
yield was 70 mg. of BaCO;, representing 8-3, 5. 

The residual solution was taken to dryness and the itaconic acid was 
recrystallized from the minimal volume of glacial acetic acid; yield 40 
mg., m.p. 164°. 


CsH,.O, (130.1). Calculated, C 46.2, H 4.6; found, C 46.3, H 4.9 


To obtain S-2 ,6, 40 mg. of itaconic acid in 2 ml. of H,O were treated with 
40 mg. of NaClO; and 0.2 ml. of 1 per cent OsQ, solution. After standing 
at room temperature for 20 to 24 hours, the OsO, was removed by extrac- 
tion with 4 X 2 ml. of benzene, the solution was cooled to 10°, and 0.71 
ml. of 0.42 m NalO,"* was added slowly. (The periodate was consumed in 
7 minutes.) CO, (S-3,5) resulting from spontaneous decarboxylation of 
oxalacetic acid was collected for 1 hour in a stream of Ne. To obtain the 
formaldehyde (S-2,6) the solution was adjusted to pH 4.5 to 5.0 with 1 
n NaOH, mixed with 50 ml. of a 0.3 per cent solution of dimedon, and 
filtered after 2 hours at room temperature; yield 71 mg. (80 per cent) of 
formaldimedon, m.p. 175-185°. Recrystallization from methanol gave 
material melting at 190-191°, with no change in activity. 


Labeled Compounds'* 


We are indebted to Dr. H. S. Isbell for the glucose-1-C" and glucose- 
2-C“%, The early work with glucose-6-C™ was made possible by a generous 
gift of this compound from Dr. G. Ehrensvird; later another sample was 
prepared from KC™N (42, 43). CH;C“OOH was kindly supplied by Dr. 
D. Rittenberg. BaC™“O; and HC“OONa were obtained from the Oak 
Ridge National Laboratory; CH;COOH and KC"N from Tracerlab, Inc. 

Glucose-3 ,4-C' was prepared from the liver glycogen (44) of fasted rats 
that had been fed normal glucose by stomach tube, injected with NaHC"0O;, 
and sacrificed 2 hours later (45); [a]? +52.9° (1 per cent in H;0). 


SUMMARY 


Shikimic acid (SA), an intermediate in the biosynthesis of several aro- 
matic compounds, has been isolated from bacterial cultures grown on 
glucose variously labeled with C™ and on unlabeled glucose plus labeled 
bicarbonate, formate, acetate, or pyruvate. The latter compounds were 
not significantly incorporated. 


16 C4 was obtained on allocation from the United States Atomic Energy Commis- 
sion, 
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A method of degradation has been developed which made it possible to 
determine the isotope distribution in each atom of SA. In this procedure 
a previously unknown compound, formylpyruvic acid, was isolated as the 
bis-2 ,4-dinitrophenylhydrazone. 

The results obtained with labeled glucose indicated that the carboxy], 
C-1, C-2 fragment of SA is derived from a 3-carbon intermediate of gly- 
colysis and the C-3,4,5,6 fragment from tetrose phosphate generated via 
the pentose phosphate pathway. Carbon 3 of the triose is attached to 
carbon 1 of the tetrose. This orientation seems incompatible with the 
formation of SA through cyclization of the intact chain of heptose formed 
by any known mechanisms. 

The 4-carbon fragment showed extensive dilution of C-6 of glucose with 
C-1, and C-5 with C-2, which implies considerable exchange between 
fructose-6-phosphate and equilibrated triose phosphate. The 3-carbon 
fragment showed a small but significant excess of carbon atoms 6,5,4 of 
glucose over carbon atoms 1 ,2,3. 
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SUBSTRATE SPECIFICITY OF ENZYMES REDUCING THE 
11- AND 20-KETO GROUPS OF STEROIDS* 


By H. J. HUBENER,+t DAVID K. FUKUSHIMA, anp 
T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, September 8, 1955) 


There is ample evidence for the reduction of 11-keto and 20-keto groups 
of the adrenal steroid hormones both in the intact animal and by surviving 
tissues. It has been demonstrated, for example, that cortisone is reduced 
at the 11-keto position to a considerable extent to hydrocortisone by normal 
and adrenalectomized humans (1). Hydrocortisone has been found to be 
reduced in vivo in humans (2) and guinea pigs (3) to a variety of 20-hydroxy 
derivatives. Enzymes involved in these conversions have been found to 
be present in the livers of several species (4-8). 

In the present study, the substrate specificity for the reduction of the 
11-keto and 20-keto groups by rat liver homogenates and cell fractions has 
been examined. It was found that the 11-keto group was reduced to an 
118-hydroxy only in compounds having the A‘-3-keto structure. Under 
the same conditions, this reduction did not occur in steroids saturated in 
ring A. These investigations further suggest that the substituent at C-11 
influences the stereochemistry of the reduction at C-20 of the dihydroxy- 
acetone side chain, and thus this reduction also appears to be substrate- 
specific. 


Methods 


Preparation of Liver Homogenates and Cell Fractionation—The livers of 
white Wistar male rats (200 to 350 gm.) were homogenized with a buffer 
solution prepared from 8.94 gm. of NasHPO,-7H,.O, 7.68 gm. of KCl, and 
248 mg. of Versene (disodium salt) per liter, adjusted to pH 7.1 + 1 with 
approximately 7 ml. of 1 Nn HCl. 4 ml. of a 10 per cent homogenate in 
buffer were added to a glass-stoppered tube. 200 to 300 7 of steroid, either 
in 0.1 ml. of ethanol or previously dried in the tube, were incubated with 
the homogenate in a nitrogen atmosphere for 2} hours at 37° + 1°. Each 
experiment was performed in duplicate. 


* This investigation was supported in part by an institutional research grant from 
the American Cancer Society, and a research grant (No. C-440) from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service. 

+ During a 1 year tenure of a Rockefeller Foundation Fellowship. 
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The procedure of Hogeboom (9) was followed for the fractionation of 
cell particles with the exception that the mitochondria were separated 
from the microsomes and protein fractions by centrifugation at 17,500 x 
g. After separation, the cell fractions were suspended in the buffer solution 
described above. All manipulations of the rat liver were carried out at 
4° or in ice water. The samples were incubated within 1 hour after sacri- 
fice of the animal. At the end of the incubation the homogenates were 
extracted four times with chloroform, and the organic layer was dried by 
filtration over anhydrous sodium sulfate. The solvent was evaporated at 
50° under a stream of nitrogen. 

Chromatography—The chloroform extract of one of the duplicates was 
developed on paper in the chloroform-formamide! system of Zaffaroni et al. 
(10). The other extract was developed in solvent systems similar to those 
reported earlier (11-13), modified for a temperature of 24°, and equili- 
brated overnight. The following solvent systems were employed. 

System I, benzene 1000 ml., cyclohexane 1000 ml., methanol 2000 ml., 
water 2000 ml. 

System II, benzene 1334 ml., cyclohexane 666 ml., methanol 2000 ml., 
water 2000 ml. 

System III, benzene 1667 ml., cyclohexane 333 ml., methanol 2000 ml., 
water 2000 ml. 

System IV, benzene 2000 ml., methanol 2000 ml., water 2000 ml. 

System V, benzene 2000 ml., methanol 2000 ml., water 2000 ml., ethyl 
acetate 200 ml. 

Paper Chromatography—The tank was equilibrated with the lower phase 
at 24° + 1°. The steroid was put on a dry paper and the paper then 
equilibrated in the tank with the lower phase overnight. The upper phase 
was added to the solvent container and the paper developed at 24° + 1°. 

Column Chromatography—The lower phase was mixed with Celite No. 
545, prepared by the method of Butt ef al. (12) and Harman et al. (14) 
(1 gm. of Celite per 1 ml. of lower phase). The moistened support was 
suspended in the upper phase and poured into a glass tube. Suction was 
applied to the bottom of the tube and the Celite was packed with a 
tamper. Solvent Systems I to V can be used consecutively at 24°. This 
type of column has been found to be especially useful for the highly polar 
steroids such as the cortols and cortolones. Most of the steroids in Table 
I can be completely separated from each other with the exception of epimers 


1 The following abbreviations were used: CF for chloroform-formamide ; Substance 
U for Reichstein’s Substance U (Table I); Substance E for Reichstein’s Substance 
E (Table I); TPN for triphosphopyridine nucleotide; DPN for diphosphopyridine 
nucleotide; TPNH for reduced triphosphopyridine nucleotide. The corresponding 
20 a-hydroxy epimers were designated as Substance epi-U and Substance epi-E, re- 
spectively. 
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TABLE I 
Separation of Steroids in Different Solvent Systems 


The accuracy of the values of cm. per hour relative to each other is +10 per cent. 
The absolute values depend on the length of the paper, the height of the ascending 
part of the paper, the location of the starting point, etc., and may not be valid under 
different experimental conditions. In the Zaffaroni system (CF), the 11-hydroxy 
group contributes relatively more to the polarity (i.e. lesser mobility) than the 20- 
hydroxy group. The reverse effect is observed in the modified Bush system (com- 
pare ‘‘tetrahydro F”’ with cortolone; compare hydrocortisone with Substance U). 
The Zaffaroni system was more effective for separation of the steroids investigated. 
However, the advantage of the modified Bush system is that it can be directly trans- 
lated to Celite columns. The separation on the Celite column is better than the 
separation of the same steroids in the same solvent system on paper, probably be- 
cause of the greater number of theoretical plates in the column. The compounds 
which were partly separated on paper may be completely separated on the column. 
Aldosterone could be separated from cortisone and hydrocortisone in one chromato- 
gram with solvent System IV. 





Mobility in 3 different solvent systems* 





F Benzene-meth- 
Steroid Pmeeeete anol-water- 
CFt (1:1:1) ethyl acetate 
System IVt (1:1:1:0.1) 


System Vt 











| 
Cortol, pregnane-3a,118,17a,20a,21-pentol. .| 0.25 (72)§ | 0.10 (144)|| | 0.70 (6)|| 
8-Cortol, pregnane-3a,118,17a,208,21-pentol.| 0.33 (72) 0.11 (144) 0.70 (6) 
“Tetrahydro F,’’ 3a,118,17a,2l-tetrahy- | | 
droxypregnane-20-one.................... | 0.54 (36) | 0.66 (25) | 3.4 (4) 
Cortolone, 3a, 17a,20«,21-tetrahydroxypreg- | | 
EI OE COO | 0.84 (36)|| | 0.23 (96)|| | 1.6 (6)| 
8-Cortolone, 3a,17a,208,21-tetrahydroxy- 
SUMNER OMID. 6.06. 5 so veincicc pase ayecks | 0.84 (36) | 0.22 (96) | 1.6 (6) 
Reichstein’s Substance epi-E, 118,17a,20a,- | | 
21-tetrahydroxy-A‘-pregnene-3-one........ 0.89 (20) | 0.44 (25) 4 | 1.4 (4)|| 
Reichstein’s Substance E, 118,17a,208,21- 
tetrahydroxy-A‘-pregnene-3-one. | 1.3 (20) 0.56 (25) | 1.4 (4) 
“Tetrahydro E,”’ 3a,17a,21-trihy droxypreg- | | 
SM MM Cs. sbi aaa edie. 11.6 (7) | 1.8 (25)§ | 3.0 (6)§ 
Hydrocortisone, 118,17a,21-trihydroxy-A‘- | | 
pregnene-3,20-dione...................... | 2.3 (3) | 2.3 (8) | 4.3 (4) 
Reichstein’s Substance epi-U, 17a,20a,21-tri- | | 
hydroxy-A‘-pregnene-3,11-dione. . ...| 8.2 ()] | 1.6 (8)|] 2.1 (7)|| 
Reichstein’s Substance U, 17a 208, 21- Ari- | | 
hydroxy-A‘-pregnene-3, 11-dione. . ..| 3.2 (6) | 1.6 (8) | 2.1 (7) 
Aldosterone, 118,21-dihy inony -3, 20- diketo- | | 
A‘-pregnene-I8-al.................2-2..05- | 3.6 (8) | 
Cortisone, 17a,21-dihydroxy-A‘-pregnene- | | 
ae re rere 5.3 (6) | 4.2 (8) | 6.3 (3.5) 





* The numbers represent mobility in em. per hour at 24° + 1°. 
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TaBLE I—Concluded 


+ Descending, 45 cm. from the starting point to the lower edge of the paper, which 
was dipped in formamide 50 per cent and methanol 50 per cent and dried about 5 
minutes. 

t Descending, 35 cm. from the starting point to the lower edge of the paper. 

§ The figures in parentheses represent hours. 

|| Not separated in a mixed paper chromatogram from the next following steroid. 

§ Partly separated in a mixed chromatogram from the next following steroid. 


at C-20. These latter are partially separated, and when the fractions are 
examined by infra-red spectrometry it is possible to estimate the principal 
component with some accuracy. Examples of the separation of steroids 
are illustrated in Tables IV and V. 

Purification of crude extracts of homogenates by partition between 90 
per cent methanol and petroleum ether and preliminary chromatography 
on silica gel with carbon tetrachloride containing ethanol was found to be 
necessary before fractionation on the Celite column. The eluates of the 
silica gel column with 5 to 20 per cent ethanol in carbon tetrachloride 
contained cortisone, hydrocortisone, the cortolones, and the cortols. These 
eluates were dissolved in the lower phase of the appropriate solvent system, 
mixed with Celite No. 545, and placed on top of the prepared column. The 
effluent was collected in 10 ml. fractions, and a small portion was directly 
examined by paper chromatography. The fractions judged to be homo- 
geneous were combined, acetylated, and examined by infra-red spectrom- 
etry. 


Results 


Substrate Specificity of Enzymes Reducing 11-Keto Growp—Based on re- 
covered material when 200 to 300 y of the steroid were incubated with 4 
ml. of 10 per cent liver homogenate under the experimental conditions 
described above, more than 50 per cent of cortisone or Substance U! was 
reduced at C-11. The same livers failed to reduce “tetrahydro E” and 
B-cortolone, and cortolone and 11-ketoetiocholanolone also were recovered 
unchanged. These results are summarized in Table II and compared with 
those in the literature. The 11-keto group was considered to be unaltered 
when the 11-hydroxy derivative of the substrate was not detected on pa- 
per, and a recovery of more than 60 per cent of the steroid incubated was 
estimated by visual comparison with known amounts of the same steroid, 
after staining or ultraviolet scanning. 

After incubation of hydrocortisone, about 15 per cent of the starting 
material was converted to Substance U as determined by infra-red spec- 
trometry and by mixed paper chromatography in two systems (CF and 
solvent System IV). ‘“Tetrahydro E” was not detected by paper chroma- 
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TaBLeE II 
ich Effect of Presence or Absence of A‘-3-Ketone System on Reduction of 11-Ketosteroids 
t5 by Rat Liver Homogenates 
Pes cont No. of 
Substrate* aroxy de Evidence a. experi Reference 
vid. |} formedt 
. | ae. 
| “Tetrahydro 0 No spot in ‘‘tetrahydro | CF (7) 2 q 
are | E” F” area after staining 
pal with phosphomolybdic 
: i acid|| 
ids | Cortolone 0 No spot in cortol area | ‘“ (36) 3 q 
after staining with | System V 
90 | phosphomolybdie acid (6) 
hy g-Cortolone 0 om - ws 1 q 
ho 11-Ketoetio- 0 No spot in 11-hydroxy- | Toluene- 1 q 
oe cholanolone etiocholanolone area propyl- 
the | after staining with enegly- 
ide m-dinitrobenzene** col (2.5) tt 
ese 
om, Cortisone 60-70 | Compound F: 40%, paper | CF (6) 7 q 
The | chromatography, in- | System IV 
fra-red, ultraviolet, (5) 
‘tly | BTC; Substance E, 20- 
no- | 30%, mixed paper chro- 
ym- matogram 
Reichstein’s 65 Substance E: mixed | CF (6) 2 q 
Substance paper chromatogram, 
U ultraviolet, infra-red, 
and melting point com- 
re- parisonft 
h 4 | 
ons Adrenoste- | 50 | 118-Hydroxy-A‘-andro- Toluene- 3 | Hubener (15) 
: rone | stene-3,17-dione; propyl- 
was | ‘ 
| mixed paper chroma- enegly- 
and | tography, color reac- col: (2.5) ft 
red tions on paper and ul- 
vith traviolet absorption 
red Dehydrocorti- 50 Corticosterone; same evi- “i Hubener- 
pa- costerone dence as for adrenoster- Amelung 
| one (16) 
7“ 11-Ketopro- | 50 11-Hydroxyprogester- = §§ 
oid, gesterone one; same evidence as 
for adrenosterone 
bing : : ; 
ey BTC is used for blue tetrazolium chloride. 
P * For the chemical name, see Table I. 
and + Based on total steroid recovered from paper chromatogram. 
ma- t For additional information, see ‘‘“Experimental.”’ 
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TaBLe II—Concluded 


§ Each number represents one rat liver with which at least two parallel experi- 
ments were performed; it was established that all rat livers investigated converted 
cortisone to hydrocortisone. 

|| A spot in the cortolone area which corresponded to about 15 to 20 per cent of 
the recovered material. 

§ This investigation. 

** Less than 5 per cent 17-hydroxy derivatives formed during incubation, without 
DPN addition. 

Tf Upon acetylation and recrystallization from ethyl acetate petroleum ether, 
m.p. 226-230°; authentic Substance E 20,21-diacetate, m.p. 227-231° (reported m.p. 
228-230°) (17); mixture m.p. 226-231°. 

tt Paper saturated with 25 per cent propyleneglycol in 75 per cent methanol. 

§§ Hubener, H. J., unpublished result. 


tography after incubation of cortolone and 6-cortolone (CF and solvent 
System IV). 

Reduction of Dihydroxyacetone Side Chain, ‘‘Tetrahydro F’—Four incu- 
bations of “tetrahydro F,” each with 4 mg. of steroid, and the homogenate 
of a whole liver from rats weighing 300 to 350 gm. were examined; livers 
from rats weighing less than 200 gm. reduced the 20-keto group to a 
much smaller extent. After incubation, the homogenates were extracted 
four times with ethyl acetate-chloroform (1:1). 5 per cent of the extract 
was chromatographed on paper. Visual estimation revealed that the con- 
version product, found in the cortol area, was present in equal or larger 
amounts than the starting material in these four experiments (Table III). 
The remainder of the extracts was combined and partitioned between 
petroleum ether and 70 per cent aqueous ethanol. The ethanol layer was 
dried and repartitioned between the two phases of solvent System IV. 
The lower layer was filtered with Celite filter aid and dried. The residual 
yellow oil (45 mg.) was chromatographed on a Celite No. 545 column, the 
results being recorded in Table IV. The recovery of “‘tetrahydro F” and 
B-cortol together represented 60 per cent of the starting material. 

Hydrocortisone—F our incubations of hydrocortisone, each with 6 mg. of 
the hormone, and the homogenate of a whole rat liver were examined. 
The homogenates were extracted with chloroform, which removed fewer 
contaminants than were obtained with ethyl acetate-chloroform mixtures. 
The chloroform extract was partitioned between petroleum ether and 90 
per cent aqueous methanol, and the residue (0.84 gm. of brown oil) from 
the alcohol layer was subjected to a preliminary separation on silica gel 
(100 gm.). The eluates from 8 to 20 per cent ethanol in carbon tetrachlo- 
ride were combined, dissolved in methanol, and filtered through Celite filter 
aid. The filtrate (41 mg.) was chromatographed on Celite No. 545, and 
the results are recorded in Table V. The recovery of Substance E, Sub- 
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stance U, and hydrocortisone totaled approximately 60 per cent, based on 
the material incubated. 


TaBLe III 
Steric Course of 20-Keto Reduction of Different Substrates 
Nl 





| 
| Per cent | Per cent 


| conver- conver- | 
| sion to sion to | 
Substrate* |  20a- | Product and evidence | the 208-| Product and evidence | Reference 
| hydroxy | hydroxy | 
| deriva- | eriva- 
tivet tivet 





“Tetrahydro | 10 Cortol: mixed | 90 B-Cortol: mixed | Table IVt 


F” paper chroma- paper chroma- 
togram CF (72), togram and 
staining with infra-red 
phosphomolyb- 
dic acid 

Hydrocorti- 10-15 | Probably epi-E; | 85-90 | Substance E: Table Vt 
sone mixed paper mixed paper 
chromatogram | chromatogram 
CF (20); ultra- CF (20); ultra- 
violet scanning violet and in- 
fra-red 


“Tetrahydro | 90 Cortolone: paper § | 

E” chromatogram, 
infra-red, melt- 
ing point com- 




















parison 
Reichstein’s 95 A‘-3-Ketopreg- 5 | Probably 208 iso- | Hubener- 
Substance S nene-17a, 20a, - mer: paper Schmidt- 

21-triol: mixed chromatogram Thomé 
paper chroma- and color reac- (8) 
togram, melt- tions in paper; 

| ing point com- | ultraviolet ab- 

| parison, infra- | sorption 

| red | | 





* For chemical name, see Table I. 

t Based on the fractions containing glycerol side chain epimers. 

¢ Preparative separation on Celite. 

§ The cortolones could not be separated on paper (Table I). However, after 
acetylation of the cortolone fraction, only cortolone triacetate, and no evidence for 
£-cortolone triacetate contamination, was found by infra-red spectrometry. If the 
8 epimer was formed, less than 10 per cent was present. 

|| Preparative separation on paper; CF (24 hours); see the text. 


“Tetrahydro E’’—Four incubations were examined; in two of these, 6 
mg. of the steroid were used with the homogenate of the liver of a rat 
weighing about 300 gm.; in another, 4 mg. of the steroid were used with 
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the liver of a younger rat (200 gm.), and another 4 mg. of the steroid were 
used with the liver of a 200 gm. female rat. The chloroform extract of 


TaBLe IV 
Partition Chromatography of Purified Extract of Rat Livers Incubated 
with ‘‘Tetrahydro F”’ 

The hold back volume of the column was 30 ml., the flow rate, 14 ml. per sq. em. 
per hour. In the standard run 2.7 mg. of substance were put on 1 sq. em. of the 
column diameter; in the final run with the unknown mixture this value was 12 mg. 
per sq.em. Column size was 1.1 em. X 50cm. Celite, 18 gm., was mixed with 18 
ml. of lower phase. 























II (Fractions 


Solvent Residue after evaporation | Standard run* 
| Identification | , 
' | : a. | ’ | Steroid 
System No. (Volume Fractions = lean | Fractions | —, 
| : | Infra-n infra-redt 
= By paper spectrumt | 
| 
| a . 
ml. | mg. | | 
| | 


| 
1000 4-40, yellow | 
| | oil, traces | 
IV (Frac- | 


| 
| 
| 





tions 101- | | | 
316)........| 2150 | 78-170, (3.5 | “Tetra- | “Tetra- | 101-129 | “Tetra- 
| | colorless | | hydro | hydro | hydro 
oil yim F” di- | F” di- 
| | (36) ace- | acetate 
| tate 
| 171-240, | | 
| | traces | | | 
V (Fractions | | 342-383, | 4 | B-Cortol | 6-Cortol | 357-411 | Cortol 
317-600) ....| 3850 | colorless | + | triace- | triace- 
| oil | trace | tate | tate 
| 384-400, | Cortol | | 
| traces | CF | | 
| | | (72) | | 
| 


* Trial run under identical conditions with authentic samples (5 mg. each); 
cortol was used, since this steroid was anticipated at that time to be the conversion 
product. 

+ Infra-red spectrum after acetylation. 





each homogenate was separately chromatographed on paper (CF, 24 hours). 
After development, middle strips 1.5 em. wide were cut out and stained 
with phosphomolybdic acid. Most of the material recovered was found in 
the cortolone area. With the liver of the younger rat there was consid- 
erably less conversion than with those of the older male rats, and the liver 
of the female rat was even less active than that of the younger male. The 
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results of the reduction of the dihydroxyacetone side chain are summarized 
in Table III. The “tetrahydro E” and cortolone areas were eluted, acet- 
ylated, dissolved in methanol, and filtered through Celite. The compo- 


TABLE V 


Partition Chromatography of Purified Extract of Rat Livers Incubated 
with Hydrocortisone 


Essentially the same conditions were employed as indicated in Table IV. 

















Solvent Residue after evaporation 
| | | Identification 
System No. |Volume Fractions iW eight - 
| | By paper | Infra-red* 
ml. | | mg. | | 
II (Fractions | | | 
1-50)...... | 500 | 10-19, :- | 
| brown | 
| oil | | 
III (Fractions | | | 
51-260).......| 2100 | 43-70, | 3.8 
| | yellow | 
| oil | 
| 123-184, | 4.2 | Hydrocortisone | Hydrocortisone 
color- | (CF) (6 hrs.) | acetate 
less oil | 





| 
IV (Fractions | 
| 
| 





261-600) ......| 3400 | 273-330, 3.2 | Substance U or | Substance U diace- 
| color- | | epi-U (CF) (6 | tatet (0.2 mg., 
| less oil | | hrs.) | probably epi-U) 

V_ (Fractions | | | | 

601-750)..... | 1500 | 442-514, | 6 | Substance Ef and | Substance E diace- 
| | eolor- | about 10% epi-E | tate 
| | Jess oil | | (CF) 


| 


* Infra-red spectrum , taken after acetylation. 

+ After partition chromatography of the acetylated fraction on silica gel-ethanol. 

t Fraction 455 contained only Substance E; Fraction 485, mostly Substance E 
with a trace of Substance epi-E; Fractions 508 to 510 contained only Substance epi- 
K. 





nents were identified by infra-red spectrometry and by melting point 
comparison. The “more mobile” fraction was “tetrahydro E” (4 mg.; 
acetylated and recrystallized from methanol; m.p. 226-230°; authentic 
compound, m.p. 229-231° (18); mixture, m.p. 224-229°); the less mobile 
metabolite was cortolone (7 mg.; acetylated and recrystallized from meth- 
anol; m.p. 215-217°; authentic cortolone 3,20,21-triacetate; m.p. 214- 
217° (2, 19); mixture, m.p. 213-216°). 
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Cofactor Requirements—TPNH did not increase the reduction of the 11- 
ketone of cortisone-t.2 With this cofactor there was essentially complete 
conversion to “tetrahydro E,” in agreement with the earlier report of 
Tomkins and Isselbacher (21). Neither hydrocortisone nor “tetrahydro 
F” was detected by scanning with ultraviolet light or by measurement of 
radioactivity. The same homogenates with cortisone, but without TPNH, 
effected an 8 per cent conversion to hydrocortisone, and 86 per cent of the 
cortisone was recovered; no “tetrahydro E” was detected. The system 
contained 2 ml. of 0.1 m sodium phosphate buffer, pH 7.3; 4.5 X 10°? um 
glucose-6-phosphate; 0.26 mg. of glucose-6-phosphate dehydrogenase;’ 2 
ml. of supernatant fluid of 10 per cent rat liver homogenate at 17,500 X g 
(protein fraction and microsomes) prepared in 0.25 m sucrose; 1.7 X 10-4 
M TPN; 0.1 mg. of cortisone-t (about 100,000 c.p.m.) and 2 K 10-4 m 
adenosine triphosphate. In the controls TPN was omitted. 

Essentially the same conditions described above for cortisone were em- 
ployed with “tetrahydro F.” With TPNH a 10 per cent yield of 8-cortol 
was obtained. The controls showed only slightly smaller conversion, about 
6 per cent. These results suggested that TPNH was not a cofactor. 

The distribution of the enzyme in the liver cell was studied with ‘‘tetra- 
hydro F.” The results were in agreement with earlier findings (16). The 
whole homogenate was far more active than were the separated fractions 
or the reconstructed system. The most active fraction was the superna- 
tant fraction of 17,500 X g which contained the microsomes and the pro- 
tein fraction. Its activity, however, was only about 10 to 20 per cent that 
of the whole homogenate. Upon examination of the conversion products 
by paper chromatography, cortol seemed to be the major conversion prod- 
uct of ‘‘tetrahydro F”’ in the supernatant fraction, in contrast to the whole 
homogenate in which 8-cortol was found predominantly (Table III). How- 
ever, the amounts of the steroids were too small for definite identification. 
In some experiments the nuclear and the mitochondrial fractions were 
slightly active, possibly as the result of contamination with microsomes. 
Microsomes lost their activity almost completely after repeated washings, 
sedimentation, and resuspension in buffer. The protein fraction was in- 
variably inactive. 


DISCUSSION 


Substrate Specificity—Since the 11-ketone group was reduced only in 
A‘-3-ketosteroids and not in the corresponding tetrahydro derivatives, it 


2 Radioactive cortisone with 95 per cent of the tritium label in known, stable 
positions in the molecule (cf. Fukushima et al. (20)). 

3 This enzyme, activity 0.15 Kornberg units per mg., was obtained from the Sigma 
Chemical Company, St. Louis, Missouri. 
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seems probable that the a ,8-unsaturated ketone structure is necessary for 
the attachment of the substrate to the enzyme. The results, similarly, 
suggest that 118-hydroxy steroids such as “‘tetrahydro F” and hydrocorti- 
sone are predominantly reduced to 208-hydroxy derivatives, while steroids 
with a C-11 ketone or lacking oxygen at C-11, e.g. “tetrahydro E” and 
Substance 8S, were converted almost exclusively to the 20a epimer. The 
results recorded in the literature are difficult to compare with the experi- 
ments reported, since for the most part in vivo conditions were employed, 
and these usually led to a more rapid metabolism of other functional 
groups of the steroid nucleus. Likewise, in most cases only one epimer 
was isolated, and there was no indication of whether the diastereoisomer 
was sought. Thus, in perfused rat livers, Caspi et al. (22) demonstrated a 
conversion of cortisone (3 gm.) to 2.7 mg. of crystalline 11-ketoallopreg- 
nane-36 , 17a ,208 ,21-tetrol (isolated as the triacetate) and 0.4 mg. of crys- 
talline Substance E (isolated as the diacetate); the corresponding 20a 
epimers were not mentioned. Abelson et al. (23) found that Substance E 
was the most abundant metabolite of hydrocortisone in rats. This is in 
agreement with our finding with liver homogenates of the same species. 

Cofactor Requirement and Location of Enzymes in Liver Cells—Evidence 
was given that the reduction of the 11- and 20-keto group is independent 
of TPN. For the 11-keto reduction, however, a restriction must be kept 
in mind in that the 11-keto group can be reduced only while the A*-3- 
ketone system is intact. The latter system, however, is rapidly reduced in 
the presence of TPNH. This fact limits investigation and interpretation 
not only of the 11-keto reduction of cortisone in the presence of TPNH, but 
also of other A‘-3-ketosteroids. Earlier experiments gave evidence that 
both reductions were independent of DPNH and reduced cytochrome c as 
cofactor (24). The cofactors of the enzymes responsible for the reductions 
studied thus remain unknown. 

Since the enzyme system is unstable, the distribution within the cell 
can only be suggested. Thus, with a purer enzyme preparation, less ac- 
tivity was demonstrated. The enzyme system, responsible for reduction 
of the 11-ketone and of the 20-ketone group, is similarly distributed within 
the cell. The enzyme systems, or part of them, are bound to the micro- 
somes. The loss of activity during the isolation procedure is probably the 
result of mechanical destruction of the microsome. The protein fraction 
itself is inactive; added to the microsomes, however, it accelerated the re- 
ductions. Whether this is a direct participation of the protein fraction as 
cofactor or enzyme or an indirect effect through better solubility of the 
substrate or preservation of the microsomes remains to be established. 
Since both fractions were inactive after boiling, either in a reconstructed 
system or separately, a distinction between cofactor location and enzyme 
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location is not possible at present. The fact that the whole homogenate is 
more active than the microsomes and the protein fraction together is prob- 
ably effected by the mitochondria, which may serve as reducing agents for 
the oxidized cofactor. Because of the loss in activity during the isolation 
procedure, further attempts at purification were abandoned. The search 
would be more promising if the cofactors were known. Our results on the 
distribution of the enzymes involved are in agreement with those of Glenn 
and Recknagel (25) on the “side chain degradation,” if one assumes that 
essentially the 20-keto reduction was measured. 

Reversibility—Under the experimental conditions used, the reduction of 
the 20-keto group was not reversible because the cortolones were not con- 
verted to “‘tetrahydro E.” In contrast to this, the reversibility of the 
11-keto reduction was demonstrated by the isolation of Substance U after 
incubation of hydrocortisone. In earlier experiments hydrocortisone was 
also converted to cortisone (5). For the latter enzyme we propose the 
name “116-hydroxy-dehydrogenase.”’ 


We thank Dr. H. L. Bradlow for his help in the experiments with corti- 
sone-t and for stimulating discussion. We wish to express our appreciation 
to Miss Friederike Herling for the determination and interpretation of 
the infra-red spectra. We are also grateful to Dr. S. Bernstein of the 
Lederle Laboratories Division, American Cyanamid Company, Pear! River, 
New York, for a generous supply of Celite. 


SUMMARY 


Reduction of different.steroids at the 11-keto and 20-keto positions by 
rat liver homogenates and cell fractions has been investigated. More than 
50 per cent of cortisone and Reichstein’s Substance U were reduced to the 
corresponding 118-hydroxy derivatives, hydrocortisone and Reichstein’s 
Substance E, under the conditions employed, while under identical circum- 
stances “tetrahydro E,” cortolone, 8-cortolone, and 11-ketoetiocholanolone 
were unaltered. Hydrocortisone was further converted to Reichstein’s 
Substance U. It is suggested that the A‘-3-ketone group is necessary for 
the interaction of the substrate and enzyme prior to the reduction of the 
C-11 ketone. 

The C-20 ketone group of “tetrahydro F” and hydrocortisone was con- 
verted predominantly to a 208-hydroxy group by liver homogenate, while 
“tetrahydro E” and Substance S were reduced predominantly to the 20e- 
hydroxy derivatives. The enzymes reducing the 11-keto and 20-keto 
groups are TPN-independent. The purest active enzyme preparation was 
the supernatant fraction at 17,500 X g (microsomes and protein fraction); 
however, this fraction was less active than the whole homogenate. 
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A procedure for the separation of highly polar steroids on a paper chro- 


matogram and a Celite column is described. 
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ROLE OF VITAMIN By IN NUCLEIC ACID METABOLISM 


III, PREPARATION OF C* UNIFORMLY LABELED 
PYRIMIDINE DEOXYNUCLEOSIDES* 


By MANCOURT DOWNING# anv B. 8S. SCHWEIGERT 


(From the Division of Biochemistry and Nutrition, American Meat Institute 
Foundation, and the Department of Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, September 16, 1955) 


In order to perform experiments on the réle of vitamin By in the metab- 
olism of the deoxyribose moiety of deoxynucleosides by Lactobacillus leich- 
mannit (1) it was desirable to obtain C™ uniformly labeled deoxynucleo- 
sides. Isolation of uniformly labeled ribonucleotides from Euglena gracilis 
grown with CO, as the only utilizable carbon source has previously been 
shown by Rose and Schweigert (2) to be a convenient method of obtaining 
uniformly labeled compounds. Fat-extracted EF. gracilis powder was found 
to contain about 0.8 per cent deoxyribonucleic acid (DNA) by the use of 
a microbiological method of analysis (3). This DNA content was con- 
sidered sufficient for isolation and purification of the desired radioactive 
pyrimidine deoxynucleosides. 

Initial experiments indicated that low yields of deoxynucleotides were 
obtained from E. gracilis and L. leichmannii when acid precipitation of 
DNA was used for separating ribonucleotides from DNA according to the 
Schmidt-Thannhauser technique (4). While good yields were obtained 
with this procedure when applied to Escherichia coli or animal tissues, it 
appeared that subsequent enzyme treatment of the DNA to release mono- 
nucleotides from E. gracilis was inhibited when such a procedure was used. 
Other chemical extraction processes (such as trichloroacetic acid extrac- 
tion) failed to give satisfactory yields of DNA mononucleotides. Exten- 
sive studies were initiated, therefore, to devise techniques for obtaining 
sufficient quantities of deoxynucleosides for metabolic studies. 

The modified methods used for isolating, purifying, and obtaining con- 


*Supported in part by the Division of Biology and Medicine, United States 
Atomic Energy Commission. We are indebted to Othmer F. Batzer for preparation 
of the thymus oligonucleotides used in this study. Journal Paper No. 120, American 
Meat Institute Foundation. 

+ The material presented in this paper is taken from a thesis submitted to the 
Department of Biochemistry of the Division of Biological Sciences, University of 
Chicago, in partial fulfilment of the requirements for the degree of Doctor of Phi- 


losophy, 1955. Present address, Department of Chemistry, University of Colorado, 
Boulder. 
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stant specific activity of pyrimidine deoxynucleosides from FE. gracilis are 
presented in this paper.'| The same methods were found to be satisfactory 
in obtaining purine and pyrimidine deoxynucleosides from the DNA of 
L. leichmannii. This organism was used in studies to determine the effect 
of vitamin By» on deoxynucleoside metabolism since the vitamin By re- 
quirement can be replaced by deoxyribosides. 


EXPERIMENTAL 


The following methods and materials were adopted in this study for the 
preparation of deoxynucleotides in good yields from EF. gracilis. 

Uniformly labeled FE. gracilis powder was obtained by growing the algae 
on CQ, as the only utilizable carbon source according to the method of 
Rose and Schweigert (2). 

Diluent non-radioactive DNA was obtained from calf thymus by the 
method of Mirsky and Pollister (6). 

Separation of DNA and ribonucleic acid (RNA) was achieved by hy- 
drolyzing a mixture of fat-extracted, radioactive EL. gracilis powder (58 
mg.) and diluent calf thymus DNA (115 mg.) in 1.0 Nn KOH (4.0 ml.) for 
20 hours at room temperature. The diluent DNA was added to provide 
sufficient material to facilitate handling and characterization of the de- 
oxynucleotides. This solution was then adjusted to pH 8 by the addition 
of 1 n HCl. The mononucleotides resulting from the KOH hydrolysis of 
RNA were separated from the DN A-containing material by repeated dial- 
ysis (five times) against 1 liter of distilled water for 24 hours at 4°. The 
material in the dialyzing sac was concentrated between each dialysis by 
air evaporation and after the last dialysis treated with deoxyribonuclease 
(DN Aase). 

DN Aase (Nutritional Biochemicals Corporation) was used at pH 7.0 for 
16 hours at room temperature in the presence of 0.003 m Mgt+. The 
phosphodiesterase was prepared from Russell’s viper venom according to 
the method of Hurst and Butler (7). Phosphodiesterase treatment of the 
oligonucleotides from the DN Aase-treated material was carried out at pH 
9.3 for 6 hours at room temperature. This reaction was followed in a 
control tube containing calf thymus deoxyoligonucleotide by formation of 
a precipitate of any remaining oligonucleotide on addition of an equal vol- 
ume of 1.56 per cent uranyl acetate in 10 per cent trichloroacetic acid. 
The reaction with phosphodiesterase was considered complete when no 
visible precipitate was observed with the uranyl acetate additions.’ 


1 A preliminary account of these methods has been published (5). 





2 When this procedure was used with L. leichmannii preparations, crude non-frac- 
tionated Russell’s viper venom was used at this stage in place of phosphodiesterase to | 
produce the deoxynucleosides which were then purified by paper chromatography. 
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The anion exchange separation of the deoxynucleotides from the phos- 
phodiesterase treatment was carried out by a modification of the method 
of Volkin et al. (8). The modifications were the use of Dowex 2 (4 per 
cent cross-linked Cl~ resin), the omission of the NH,Cl elution step, and the 
use of a continuous pH decrease during elution rather than changing the 
eluting fluid between fractions. Fractions were concentrated by a recy- 
cling procedure. 

Separation of deoxynucleotides and contaminating radioactive amino 
acids was then performed on a Dowex 50-H+ column (10 mm. X 100 mm.) 
by passing the concentrated pyrimidine deoxynucleotide solution at pH 2 
through the cation exchange column and eluting with 0.002 n HCl. A 
summary of these procedures devised for the preparation of deoxynucleo- 
tides is presented in Diagram 1. 


D1aGRAM 1 
Summary of Procedures Devised for Preparation of Radioactive Mononucleotides 
CO, ——> E. gracilis 


| 


Fat extraction 
! 


L 
Dry powder + calf thymus DNA 


In KOH 


| 
Dialyze; RNA removed 
| 
DNAase + Mg*t 
| 


Phosphodiesterase 


| 


DNA mononucleotides 


The yield after cation exchange purification was about 25 umoles for 
each deoxynucleotide. The pyrimidine deoxynucleotides were converted 
to the corresponding deoxynucleosides by treatment with a phosphatase 
(crude Russell’s viper venom enzyme (0.01 mg. per ml.) at pH 9.0 for 6 
hours at room temperature). The resulting deoxynucleoside either was 
hydrolyzed to the free base, which was purified by chromatography, or was 
purified directly by paper chromatographic procedures. 

The solvent systems used for the paper chromatographic separations of 
deoxynucleosides and bases were those described by MacNutt (9). What- 
man No. 1 paper was used in all separations. 

The hydrolysis of the deoxynucleosides was carried out in a sealed tube 
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containing the dried sample (about 1 umole), nitrogen-carbon dioxide gas, 
and formic acid (0.4 ml.) at 175° for 2 hours. The resultant purine and 
pyrimidine bases were then purified by paper chromatography. 

Radioactivity was determined by thin sample counting on stainless steel 
planchets in a Geiger-Miiller gas flow tube. The infinite thinness of the 
sample was confirmed by counting at two or more dilutions. Specific ac- 
tivities were calculated from these data and from measurements of the 
concentration of the sample by the ultraviolet absorption at 260 my in a 
Beckman model DU spectrophotometer. 


RESULTS AND DISCUSSION 


Although the ribonucleotides resulting from the hydrolysis of RNA from 
E. gracilis or L. leichmannii may be separated from the DNA by repeated 
acid precipitation by the Schmidt-Thannhauser procedure, the insoluble 
material remaining (which contains the DNA) was not a satisfactory sub- 
strate for subsequent enzyme treatment. Yields of deoxymononucleosides 
were increased from 2 to 50 umoles of pyrimidine deoxynucleoside when 
the dialysis procedure was used in the case of isolation from F. gracilis and 
from nothing to a detectable amount in the case of L. leichmannii. It 
should be mentioned that in separate experiments with FE. coli and animal 
tissue the dialysis modification has little or no advantage over the acid 
precipitation procedure as a means of separating mononucleotides derived 
from RNA from DNA. The reason for the apparent failure of the acid 
precipitation method when applied to FL. gracilis or L. leichmannii is not 
completely clear. However, there is some evidence that a DNAase in- 
hibitor remained with the precipitated material from L. leichmannii or E. 
gracilis preparations. Also approximately two-thirds of the DNA from 
these organisms remained in the alkali-insoluble fraction, while all of the 
DNA of E. coli or animal tissue was soluble in alkali. In an experiment 
designed to measure the distribution of DNA derivatives by microbiological 
assay from L. leichmannii with and without the use of dialysis, evidence for 
a partial inhibition of DNAase was present when dialysis was not used. 
The microbiological activity of the DNA derivatives (thymidine standard) 
was measured with Lactobacillus acidophilus and L. leichmannii as the test 
organisms (3), and the effect of DNAase on dialyzed and non-dialyzed 
preparations was determined. The use of the dialysis procedure increased 
the quantity of deoxyoligonucleotides utilized by the test organisms re- 
sulting from the DNAase treatment from 2.2 to 7.0 mg. equivalents of 
thymidine as measured with L. acidophilus and from 0 to 5.5 mg. equiva- 
lents as measured by L. leichmannii. 

Satisfactory removal of the RNA mononucleotides from the DNA of 
E. gracilis by dialysis was demonstrated by the decrease in radioactivity 


















of tl 
deri 
T 
urin 
tivit 
colu 
was 
non- 
ties 


Fi 
acid | 
lectec 


In 
signe 
diag 
cytid 
curve 
deox 
after 
tinct 
with 
that 
cytid 
thym 

Th 


M. DOWNING AND B. 8. SCHWEIGERT 517 
of the dialysate on repeated dialysis and by lack of any detectable RNA 
derivatives in subsequent purified DNA preparations. 

The radioactive purity of the deoxymononucleotides was tested by meas- 
uring both the concentration (optical density at 260 my) and the radioac- 
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> tivity (counts per minute per ml.) in the eluate from the anion exchange 
- column. Since the shape of the two curves (Fig. 1) was not the same, it 
was evident that considerable quantities of the radioactivity arose from 
non-nucleotide material. The presence of radioactive amino acid impuri- 
ties was likely, since a crude pancreatic source of DNAase was used. 
! : 
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It 0.6t i sT' 
al / 
id ) 0.4 ; +8 
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. vVOLUME——> 
“wht Fic. 1. Elution diagram of deoxycytidylic acid (first peak) and deoxyadenylic 
= acid (second peak) from Dowex 2-Cl resin. Total volume of eluate was 2 liters col- 
he lected over a pH range of 4.0 to 2.68. 
nt | 
cal In the purification procedure the cation exchange procedure was de- 
for signed to separate amino acid contaminants from deoxynucleotides. A 
ed. diagram of the optical density and radioactivity elution curves of deoxy- 
rd) | cytidylic acid from the cation column is shown in Fig. 2. Here the two 
est curves correspond closely, indicating that the radioactivity arose from the 
zed deoxycytidylic acid. A 10- to 50-fold decrease in the specific activity 
sed after Dowex 50 treatment, as calculated from isotopic data and the ex- 
re- tinction coefficient for deoxycytidylic acid, was achieved. Control tests 
s of with the addition of hydrolyzed casein as a source of amino acids revealed 
va- that amino acids from this source were effectively removed from deoxy- 
cytidylie acid by the use of this cation exchange method. Radioactive 
. of thymidylic acid was also purified by this procedure. 
vity The calculated specific activities of the deoxynucleosides and bases, de- 
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rived from the corresponding deoxynucleotide, after purification by paper 


chromatography are shown in Table I. 


The values for the extinction co- 


efficient of the base and the deoxynucleoside reported in the literature vary 
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Note 


similarity of radioactivity and optical density curves in contrast to the curves ob- 
tained before Dowex 50 treatment (Fig. 1). 


TABLE [| 


Calculated Specific Activities Obtained during Purification of Nucleotide Derivatives 
Obtained from E. gracilis 


























Specific activity, 
ax) “Sa 
Purification step Compounds Rr ooo oe 
os 7) Experi- | Experi- 
ment 1 ment 2 
1. Dowex 2-Cl- Deoxycytidylic acid 7.2 | 24,000 | 40,000 
Thymidylic acid 8.4 10,000 
2. Dowex 50-H* Deoxycytidylic acid 7.2 1,250 860 
Thymidylic acid 8.4 850 
3. Butanol-NH;-H.0* | Deoxycytidylic acid | 0 7.2 750 
Deoxycytidine 0.30 7.2 1,500 750 
Cytosine 0.25 5.7 900 570 
Thymidylic acid 0 8.4 600 
Thymidine 0.45 8.4 600 
Thymine 0.42 7.2 720 
4. H.0* Deoxycytidine 0.77 7.2 1,600 
5. Morpholine* " 0.65 7.2 1,200 








* Solvent systems used in paper chromatographic separations. 
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considerably; consequently, the specific activities of the bases calculated 
from these values may be slightly different from the value for the corre- 
sponding deoxynucleoside. The specific activities observed for the bases 
as compared to those of the nucleotides and nucleosides were considered 
confirmation of radioactive purity of the samples (Table I). Further evi- 
dence that constant specific activity had been achieved was obtained by 
chromatographing the deoxynucleotides simultaneously with the corre- 
sponding deoxynucleoside. The migration rates of these two compounds 
were greatly different; however, the specific activities of the compounds 
calculated from the isotopic data and the same extinction coefficient were 
identical (Table I). 

The authentic nature of the radioactive pure deoxycytidine and thymi- 
dine was demonstrated by the ultraviolet absorption characteristics of the 
compounds and by their physiological activity in a microbiological assay. 
The latter measurements were made by comparing the acid production ob- 
tained with graded levels of the test compounds to control deoxyribosides 
with L. leichmannii as the test organism. 

25 umoles of thymidine with a specific activity of 6000 c.p.m. per umole 
and 25 wmoles of deoxycytidine with a specific activity of 6700 c.p.m. per 
ymole were prepared for use in the study of the effect of vitamin By in 
the metabolism of deoxynucleosides by L. leichmannii (1). 


SUMMARY 


The Schmidt-Thannhauser procedure did not provide adequate separa- 
tion of DNA from ribonucleotides obtained from Euglena gracilis or Lacto- 
bacillus leichmannii. 

A modified method was developed which provided good yield of deoxy- 
mononucleotides from these organisms. C™ uniformly labeled deoxynu- 
cleotides were obtained from E. gracilis grown with CO, as the only utiliz- 
able carbon source. 

Constant specific activity of the nucleotides was achieved by separating 
radioactive impurities from pyrimidine deoxynucleotides with a cation ex- 
change resin. 

Confirmation of radioactive purity was obtained by paper chromato- 
graphic purification of the deoxynucleotides and their respective deoxynu- 
cleoside and base derivatives. 

50 umoles of pyrimidine deoxynucleosides were prepared by this method 
for use in a study of the effect of vitamin By. on the metabolism of deoxy- 
nucleosides by L. leichmannii. 
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IV. METABOLISM OF C*-LABELED THYMIDINE BY 
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By MANCOURT DOWNING# anv B. 8. SCHWEIGERT 


(From the Division of Biochemistry and Nutrition, American Meat Institute 
Foundation, and the Department of Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, September 16, 1955) 


Studies by Snell et al. and Skeggs (1, 2) have demonstrated that the 
vitamin By. requirement for several strains of lactic acid bacteria, including 
Lactobacillus leichmannii, can be replaced by deoxynucleosides. These 
observations suggested the possibility that vitamin By is involved in the 
biological synthesis of deoxynucleosides. All deoxynucleosides are active 
in replacing vitamin By». for the test organisms. These data suggest that 
vitamin By. functions in deoxyribose synthesis; however, there is no evi- 
dence that deoxyribose is not synthesized in the absence of the vitamin. 
The possibility also exists that vitamin B,. is involved in the biosynthesis of 
the N-glycosidic bond of the deoxynucleoside or in some other metabolic 
mechanism not directly related to the biosynthesis of deoxyribonucleic acid 
derivatives. 

In an attempt to clarify the site of action of vitamin By, C uniformly 
labeled thymidine was added to the medium with and without the addi- 
tion of vitamin By: and the incorporation of the base and sugar moieties of 
thymidine into deoxynucleic acid (DNA) of L. leichmannii was determined. 
The deoxynucleosides were isolated from the bacteria, after a suitable 
growth period with radioactive thymidine added to the medium, and the 
specific activities of the isolated deoxynucleosides were compared with 
those for deoxynucleosides isolated from cells grown with radioactive 
thymidine plus vitamin By. added to the medium prior to growth. 

These studies have shown that vitamin B,2 functions in the synthesis of 
the deoxyribose moiety of DNA. 


*Supported in part by the Division of Biology and Medicine, United States 
Atomic Energy Commission. Journal Paper No. 121, American Meat Institute 
Foundation. 

7 The material presented in this paper is taken from a thesis submitted to the 
Department of Biochemistry of the Division of Biological Sciences, University of 
Chicago, in partial fulfilment of the requirements for the degree of Doctor of Phi- 


losophy, 1955. Present address, Department of Chemistry, University of Colorado, 
Boulder. 
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METABOLISM OF C!4-LABELED THYMIDINE 


EXPERIMENTAL 


L. leichmannii, strain 313, was grown in a casein hydrolysate medium (3). 
The C* uniformly labeled thymidine added to the medium prior to growth 
of this organism was prepared as outlined in Paper III (4). 

The nucleic acid components were fractionated from L. leichmannii, 
after separation of the cells from the supernatant medium by a method 
similar to that outlined for Euglena gracilis (4). The ribomononucleotides 
were fractionated by anion exchange. The DNA was degraded to the 
deoxynucleosides by the action of deoxyribonuclease and phosphatase 
enzymes and the resultant deoxynucleosides were separated from residue 
material by dialysis and fractionated by paper chromatography. The 
specific activity of each isolated radioactive deoxynucleoside was deter- 
mined and each deoxynucleoside was diluted with non-radioactive deoxy- 
nucleoside and degraded by formic acid hydrolysis to the base. The base 
was then purified by chromatography and the specific activity was deter- 
mined. The counting technique and calculations of specific activity have 
been described previously (4). 

Two preliminary experiments were carried out with labeled deoxycytidine 
and thymidine (with and without vitamin B,. added to the medium). 
These tests provided information on the levels of radioactivity expected 
in various cellular fractions and experience with the methods employed. 

A third experiment was carried out in two flasks: The first flask (Flask 
T) contained 2 liters of basal medium, 1.0 mg. of radioactive thymidine 
(specific activity 600 c.p.m. per umole of carbon), and no vitamin Bis. The 
second flask (Flask B) was identical to the first except for the addition of 
2.0 y of vitamin By. Both flasks were sterilized by autoclaving, inocu- 
lated with a washed L. leichmannii 313 inoculum, and allowed to incubate 
for 72 hours at 37°. The cells were harvested and the nucleic acid com- 
ponents were isolated and purified as outlined above. Detailed data were 
obtained in this experiment on the specific activities of individual deoxy- 
nucleosides and the base and sugar moieties of the deoxynucleosides. 


Results 


Measurements of the distribution of the radioactivity in the fractions 
of the degraded L. leichmannii powder revealed that approximately 50 
per cent of the total radioactivity remained in the supernatant medium. 
The only other significant radioactivity was found in the DNA fraction of 
the cells. The total radioactivity found did not account for all that was 
originally added to the medium. The low recovery of total counts may 
be attributable to errors associated with the large volume used and the low 
counts for many of the fractions. 

Calculated specific activities for ribonucleic acid (RNA), RNA mononu- 








cleoti 
Tabl 
simil: 
isolat 
onuc] 
data 
in th 


prese 


EF] 
Spe 
Blank 





Starti 
Total 
Cytid 
Aden 
Uridy 
Guan 


Deox) 
Deox) 
Thym 
Deox) 





 *5 
TI 


dine | 
50 pe 
from 

Me 
from 
Flask 
of ea 
differ 
comp 
carbc 
for ¢ 
(280 


ju- 











M. DOWNING AND B. S. SCHWEIGERT 523 


cleotides, and deoxynucleosides isolated from L. leichmannii are given in 
Table I. In the two preliminary experiments carried out with conditions 
similar to those described above, no significant counts were found in the 
isolated RNA mononucleotides. Therefore fractionation of the RNA mon- 
onucleotides in the final experiment was considered unnecessary. The 
data presented in Table I show that no significant radioactivity was present 
in the RNA for both experimental treatments, low specific activity was 
present in the deoxynucleosides isolated from Flask B to which both thymi- 


TABLE I 
Effect of Vitamin Bz. on Incorporation of Deoxynucleosides by L. leichmannii 


Specific activity in counts per minute per micromole of carbon of the nucleosides. 
Blank space indicates that the sample was not counted. 





Flask T (radioactive deoxynucle- | Flask B (radioactive deoxynucleo- 
oside) side + vitamin Bi2) 
Compound isolated — 





Experiment | Experiment \Experiment |Experiment \Experiment Experiment 
1* | 2t | 3t | 1* 2t 3t 





Starting material....... 939 606 | 606 939 606 606 


Total RNA............. tore ae ee 
Cytidylic acid.......... 4 | | 3 | 
i iceshece cian 0 | 0 | | 
Undylic “ .. - S47 | 3 

Guanylie ‘ .. 0 | | | 0 | | 
Deoxycytidine.......... 370 | fa 
Deoxyadenosine....... 400 | 18 
Thymidine. ...... a 360 | 480 42 
Deoxyguanosine........ | 300 | 6 





*In Experiment 1 deoxycytidine was used. 
t In Experiments 2 and 3 thymidine was used. 


dine and vitamin By, were added prior to growth of the test organism, and 
50 per cent dilution of specific activity occurred in the deoxynucleosides 
from Flask T to which thymidine but no vitamin By. had been added. 
Measurement of the radioactivity of the purified base moieties obtained 
from the deoxynucleosides from Flask T and from the thymidine from 
Flask B in Experiment 3 made it possible to calculate the specific activity 
of each base and the corresponding sugar. The latter was obtained by 
difference from the specific activity data of the nucleoside and of the base 
component of each nucleoside. The specific activity per micromole of 
carbon of the sugar moiety of thymidine isolated from Flask T (Table II), 
for example, was obtained by subtracting the data for the base 
(280 counts X 5 carbons = 1400) from those for the deoxynucleoside, 
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thymidine (478 counts X 10 carbons = 4780), to arrive at a figure of 3380 
counts. Since deoxyribose has 5 carbons, the specific activity for this 
moiety of 670 counts is obtained. 

The radioactivity of the deoxynucleosides other than thymidine from 
Flask B was too small to allow for similar type comparisons. The specific 
activities obtained for the base and deoxyribose moieties of the nucleo- 
sides are reported in Table II. 

These data show that low radioactivity was present in the deoxyribose 
from the deoxynucleosides of Flask B (thymidine + vitamin By), that no 


TABLE II 
Specific Activities of Constituents of Deoxynucleosides in Experiment 3 of Table I 
from L. leichmannii Grown in Presence of Labeled Thymidine with and 
without Vitamin By. Added 








Treatment Compound isolated Deoxynucleoside Base Sugar* 
—- c.p.m. c.p.m. c.p.m. | — +o 
=~ c \ber mole Le c |Per umole umole Cc Ee .4 
Starting material Thymidine 606 | 6060 | 606 | 3030 | 606 | 3030 
Thymidine only “ 478 | 4780 | 280 | 1400 | 670 | 3380 
(Flask T) Deoxycytidine 366 | 3300 20t 80t | 660 | 3300 


Deoxyadenosine | 400 | 4000 20t me | 780 | 3900 
Deoxyguanosine | 300 | 3000 5Of | 2507 | 550 | 2750 




















Thymidine + vita- | Thymidine 42 | 420 | 71 | 355 | 13 | 65 
min Biz (Flask B) Deoxycytidine 8 72 Radioactivity too low for 
Deoxyadenosine 18 | 180 measurement and 
Deoxyguanosine 6t 607 calculation 





* Values calculated by difference between deoxynucleoside and base. 
t Accuracy is low due to low counts. 


dilution occurred in the specific activity of the deoxyribose from the deoxy- 
nucleosides of Flask T (grown with thymidine only), and that relative low 
levels of radioactivity were present in the base moieties of all deoxynucleo- 
sides. The difference in the specific activity of the thymine from Flask 
B and from Flask T may be partially accounted for by a difference in total 
growth of the organism between the two flasks as measured by lactic acid 
production during the incubation period. Flask B contained 312 m.eq. 
and Flask T contained 186 m.eq. of lactic acid. As can be seen from 
these data a difference in the specific activities of the thymines isolated, 
not attributable to differences in total growth (acid production) of the 
organism, for the two experimental treatments is still evident. It is pos- 
sible that the DNA content of the cells per unit of dry weight varied for 
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the two experimental treatments. Although reliable methods for quanti- 
tative determinations of the low amounts of DNA present in these bacteria 
have not been developed, the isolation procedure used for the two experi- 
mental treatments yielded more than 4 times as much deoxynucleoside 
from Flask B as from Flask T. Differences in the morphological charac- 
teristics of the bacteria grown in the presence of thymidine as compared to 
thymidine plus vitamin By. suggest that a higher DNA content may be 
expected from cells grown in the presence of vitamin Bi».! 


DISCUSSION 


It may be concluded from these studies that vitamin By: is directly in- 
volved in the biosynthesis of deoxyribose (or some derivative thereof). 
This conclusion is supported by the fact that extensive dilution in radio- 
activity of deoxyribose, in the form of thymidine added to the medium 
prior to growth, occurred in the deoxyribosides isolated from L. leichmannii 
when vitamin By: was added to the medium and no dilution occurred when 
the vitamin was not added. 

The possibility that vitamin Bj: is involved in the synthesis of the N-gly- 
cosidic bond is considered unlikely in view of the fact that the deoxyribose 
moiety in the bacteria grown with no vitamin By. present was equally 
labeled in all four deoxyribosides isolated, even though all deoxyribose 
labeling came from thymidine added to the medium. This observation 
indicates that vitamin By, is not a needed cofactor for nucleosidase enzymes 
that may be present in L. leichmannii, or that N-transglycosidase enzymes 
are present and can catalyze the synthesis of all the deoxynucleosides with 
no vitamin B,. dependence, providing that one intact deoxynucleoside is 
present initially as a source of deoxyribose for ‘transfer’ reactions. 

It is conceivable that the incorporation of deoxynucleoside is decreased 
in the presence of vitamin By: in a manner that does not involve the bio- 
synthesis of deoxyribose; however, there is no experimental evidence to 
support such a hypothesis. In addition, if any such scheme was opera- 
tive, the synthesis of significant quantities of deoxyribose would be ex- 
pected in the absence of vitamin By. The results obtained in the present 
study indicate that no such synthesis occurs. 

The ultimate source of the biologically synthesized deoxyribose is un- 
known. Evidence presented by Rose and Schweigert (5) might implicate 
ribose as a precursor in that the deoxyribose of DNA was labeled when 
labeled ribosides were injected into rats. In the present experiments no 
significant conversion of deoxyribose to ribose (in RNA) was observed. 
This does not negate the possibility that ribose can be converted to, and 


' Deibel, R. H., Downing, M., Niven, C. F., Jr., and Schweigert, B. S., unpub- 
lished data. 
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even be the major source of, deoxyribose, however. The labeling of the 
deoxyribose (in the DNA of the organism) in the presence of vitamin By: 
was so low (due to de novo synthesis) that any conversion of deoxyribose 
to ribose of RNA would have escaped detection. 

The enzyme system from Escherichia coli for the production of deoxyri- 
bose-5-phosphate studied by Racker (6) has not shown any vitamin By. 
dependence. Other studies have shown that vitamin B,.-less mutants of 
E. coli will grow in the absence of any deoxyribose derivatives (7). These 
findings suggest that another pathway exists for deoxyribose synthesis 
that is not dependent on vitamin Bi». 

Further studies are needed with L. leichmannii and other organisms to 
demonstrate the nature of the precursors of deoxyribose in order to ascer- 
tain the réle of vitamin B,. in the enzyme systems involved. 


SUMMARY 


Since deoxynucleosides can replace the vitamin By: requirement for 
Lactobacillus leichmannii, experiments to clarify the réle of vitamin Bi» in 
the biosynthesis of deoxynucleosides were carried out. The incorporation 
of uniformly labeled thymidine by L. leichmannii was determined when 
vitamin B,. was present or absent in the medium during growth of the 
organisms. Large dilutions in the radioactivity of the deoxyribose from 
thymidine added to the medium occurred in the deoxyribose moiety of 
the deoxynucleosides isolated from L. leichmannii when vitamin By. was 
present during growth, and no dilution occurred when vitamin By. was not 
present during growth. In the latter case all four deoxynucleosides showed 
equal radioactivity in the deoxyribose moiety, indicating that complete 
transfer of the deoxyribose from thymidine to the deoxynucleosides of the 
DNA synthesized by L. leichmannii had occurred. 

No significant radioactivity was found in the ribonucleotides of L. 
leichmannii (when vitamin Bi: was present or absent during growth), dem- 
onstrating that no conversion of deoxyribose from thymidine to ribose 
of RNA had occurred. 

It was concluded from these studies that vitamin B,, is directly involved 
in the biosynthesis of deoxyribose (or a precursor) by L. leichmannii. 
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CHOLESTEROL METABOLISM IN THE DOG* 


By LIESE L. ABELL, E. H. MOSBACH, anp FORREST E. KENDALL 


(From the Research Service, First (Columbia University) Medical Division, Goldwater 
Memorial Hospital, and the Departments of Biochemistry and Medicine, College 
of Physicians and Surgeons, Columbia University, New York, New York) 


(Received for publication, October 17, 1955) 


Previous studies have demonstrated that dogs fed high cholesterol diets 
develop atherosclerotic lesions only when their thyroid function is de- 
pressed (1). The addition of 2.5 to 5 per cent cholesterol to the diet of 
euthyroid dogs increases their serum cholesterol concentration from an 
average value of 200 mg. per 100 ml. of serum (mg. per cent) to between 
300 and 500 mg. per cent. Animals kept upon this regimen for periods 
as long as 70 weeks do not develop arterial lesions. If the normal func- 
tioning of the thyroid gland is modified by the administration of thiouracil 
(1, 2), or I’! or by thyroidectomy (3), the feeding of a diet containing 
2.5 to 5 per cent cholesterol results in serum cholesterol concentrations 
that may range from 600 to 5500 mg. per cent. Under these conditions 
dogs consistently develop atherosclerotic lesions. 

The balance experiments reported here were undertaken to determine 
whether the differences in serum cholesterol levels and susceptibility to 
atherosclerosis between euthyroid and hypothyroid dogs are due to differ- 
ences in the absorption of cholesterol from the alimentary tract or to dif- 
ferences in the metabolism of cholesterol. Since it is known that the bile 
acids are important metabolites of cholesterol (4-6), the fecal excretion of 
bile acids as well as of sterols was determined. In this fashion it may be 
expected to obtain a reasonably complete cholesterol balance. 


EXPERIMENTAL 


The cholesterol intake and the fecal excretion of sterols and bile acids 
were measured in three small dogs. Two of the animals (Dogs 24 and 25) 
were Miniature Pinschers, weighing 2.2 and 3.5 kilos, respectively, and the 
third animal was a mongrel dog, weighing 4.8 kilos. 5 day balance studies 
were carried out after the dogs had been maintained for at least 3 weeks 
on each of the following dietary regimens: stock diet (Diet A); stock diet 


* This investigation was supported in part by a research grant, H-52, from the 
National Heart Institute, by a research grant, A-597, from the National Institute 
of Arthritis and Metabolic Diseases, National Institutes of Health, Public Health 
Service, and by grants from the Albert and Mary Lasker Foundation and the Ames 
Company. 

1 Blake, T. M., unpublished observations. 
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plus thiouracil (Diet B); stock diet plus 2.4 per cent cholesterol (Diet C); 
and stock diet plus 2.4 per cent cholesterol plus thiouracil (Diet D). The 
feces excreted by the dogs during each day were analyzed separately to 
estimate the variability of the daily excretion of cholesterol and bile acids. 
The dogs were caged individually and received the stock diet (“Big Red 
Kibbled” dog cakes)* moistened with fresh milk for at least 1 month before 
the start of the feeding experiments. The food intake of each animal was 
regulated so as to maintain the dog at constant weight (+5 per cent) 
during the entire series of experiments. For 2 days before and throughout 
the 5 day collection period, the daily food consumption of each dog was 
accurately measured. Water was supplied ad libitum at all times. Differ- 
ent lots of the stock diet were found to contain 2.3 to 4.6 gm. of petroleum 
ether-extractable substances (‘total lipide’”’) and 19.4 to 61.2 mg. of cho- 
lesterol (7) per 100 gm. of food. These cholesterol concentrations are 
believed to represent maximal values, since digitonin-precipitable, Lieber- 
mann-Burchard-positive plant sterols may have been present in the food. 
The high cholesterol diet contained 2.4 per cent cholesterol, and was pre- 
pared from the stock diet as described previously (2). 

When it was desired to produce the hypothyroid state in the experi- 
mental animals, one 200 mg. tablet of thiouracil was administered by 
mouth to each animal daily. In Dog 24, the thiouracil dosage reduced 
the basal metabolic rate by 40 per cent. Serum total cholesterol concen- 
trations were measured (8) both during the 3 week preliminary periods 
and during the balance studies. The balance studies were carried out 
when the serum cholesterol concentrations had reached a constant level, 
and the animals were presumably in equilibrium with respect to cholesterol 
metabolism and thyroid state (Table I). 

Determination of Fecal Sterols and Bile Acids—Feces were collected over 
24 hour periods. The urine samples were discarded since preliminary 
studies with cholesterol-4-C™ had demonstrated that less than 1 per cent 
of the ingested dose was excreted via the kidneys. In order to assure 
quantitative feces collections, the metabolism cages were thoroughly 
washed each day with 95 per cent ethanol, and these washings were com- 
bined with the feces collections. The samples were stored under 95 per 
cent ethanol at 4° until they could be analyzed. The entire daily collec- 
tion was extracted with three 250 ml. portions of boiling 95 per cent ethanol 
and filtered with suction after each extraction. The solid residue left after 
extraction was dried in vacuo at 60°. After weighing, the dry residue was 
extracted in a Soxhlet extractor with absolute ethanol for 24 hours. All 
extracts were combined and concentrated by distillation to a volume of 
about 100 ml. It was assumed that the final concentrate was essentially 


2G. L. F. Marketing Company, Canandaigua, New York. 
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95 per cent ethanol, and enough water was added to reduce the ethanol 
concentration to 80 per cent. This solution was made slightly alkaline 
(pH 8) by the addition of 18 xn NaOH, and the alkaline solution was ex- 
tracted five times with equal volumes of petroleum ether (boiling range 
60-68°). The combined petroleum ether extracts were evaporated to dry- 
ness, hydrolyzed with alcoholic KOH at 37° for 1 hour (8) to convert all 
sterols into the unesterified form, and assayed for digitonin-precipitable 
sterols and for cholesterol. It was found that on the average about 10 
per cent of the sterols was present in the feces as esters. The difference 
between the sterol values obtained by gravimetric digitonin precipitation 
and by the colorimetric Liebermann-Burchard reaction is considered to be 
a measure of the saturated sterols (dihydrocholesterol, coprosterol) present. 
In these experiments this difference was consistently less than 10 per cent 
of the total sterol value. Moreover, it was found that the digitonin-pre- 
cipitable sterol excreted by Dogs 24 and 36 on the stock diet was essentially 
pure cholesterol, as determined by the melting point of the free sterol and 
its acetate, by optical rotation, and infra-red spectrum. It is apparent 
that under the conditions employed no appreciable amount of cholesterol 
was converted to coprosterol. Earlier work by Rosenheim and Webster 
(9) and Dorée and Gardner (10) has suggested that the nature of the sterol 
excreted depends largely upon the diet of the experimental animals. 

The alkaline alcoholic layer, remaining after the petroleum ether extrac- 
tion, was evaporated nearly to dryness on the steam bath under a current 
of nitrogen in order to remove the ethanol. The concentrated solution 
was diluted with 30 to 60 ml. of water and was acidified to Congo red by 
the addition of 6 Nn HCl. The acidified solution was extracted five times 
with equal volumes of ethyl ether; the ether extracts were combined, 
washed twice with 10 ml. of water, dried over anhydrous sodium sulfate, 
and evaporated to dryness on the steam bath. The acidic fraction was 
weighed, and an aliquot was assayed for bile acids by column partition 
chromatography as described previously (11). The acids eluted with 40 
per cent isopropyl ether in petroleum ether (fraction IPE-40) were con- 
sidered to be “deoxycholic acid,” and the acids eluted with 60 per cent 
isopropyl ether in petroleum ether (fraction IPE-60) were considered to be 
“cholic acid.” The bile acids were determined in the column fractions by 
titration with standard alkali; this was made possible by evaporation of 
the solvent and reevaporation after the addition of 5 ml. of benzene to 
each fraction in order to remove traces of acetic acid which would other- 
wise interfere with the titration. The addition of benzene and evapora- 
tion was repeated. The cholic and deoxycholic acid content of the column 
eluates was also checked by a spectrophotometric procedure (12). These 
measurements indicated that only 50 to 90 per cent of the IPE-40 fraction 
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gave the spectrum characteristic for deoxycholic acid, and that 20 to 60 
per cent of the IPE-60 fraction gave the spectrum characteristic for cholic 
acid. This was not unexpected since it is known that the fecal bacteria 
are capable of modifying the hydroxy] groups of cholanic acids (5). Radio- 
active tracer studies (unpublished observations) have demonstrated that 
the acids in both the IPE-40 and IPE-60 fractions were derived from cho- 
lesterol. Moreover, deoxycholic acid was positively identified as the ma- 
jor fecal bile acid (see below). 

The sterol-free alcoholic extract, containing the fecal acids, was not 
subjected to hydrolysis, because preliminary studies had indicated that 
the fecal bile acids were not conjugated with glycine or taurine. Similar 
findings have been reported by others for rat feces (5). 

Completeness of the extraction procedure was evident from recovery 
experiments in which known amounts of cholesterol, cholic acid, and de- 
oxycholic acid were added to the feces. All three substances were recov- 
ered quantitatively within the precision of measurement (+10 per cent 
for cholesterol and +15 per cent for the bile acids). In tracer experiments 
(unpublished observations), the extraction procedure employed in this 
study removed all cholesterol and cholesterol metabolites from the feces. 

Isolation of ‘‘Choleic Acid’’—The crude fecal acids obtained from the 
dogs were always found to contain crystalline material. The crystals 
could be separated from the fecal acid extract by washing with cold ace- 
tone, since they dissolved at a much slower rate than the remaining acids. 
Recrystallization of the material from aqueous methanol yielded colorless 
needles, m.p. 187-188°. The substance was identified as ‘‘choleic acid” 
(13), a coordination complex of deoxycholic acid with palmitic and stearic 
acids in the ratio of 8 molecules of bile acid to 1 molecule of fatty acid. 
Identification was made by comparison of the unknown substance with 
an authentic sample of “‘choleic acid” prepared as described by Wieland 
and Sorge (13). Determination of optical rotation, ultraviolet (12) and 
infra-red spectra, neutralization equivalent, mixed melting points, and 
preparation of the methyl ester were used to establish the identity of the 
unknown substance with “‘choleic acid.” 


Results 


Table I lists the weight and the sex of the dogs used in this study, to- 
gether with their serum total cholesterol concentrations determined during 
the different periods of the balance study. These cholesterol levels are 
representative of the plateau concentrations produced by prolonged feed- 
ing of the various dietary regimens and are in accord with the results of 
earlier studies (1, 2). 
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Table II presents the detailed data obtained with Dog 24 on the four 
experimental regimens employed in this investigation. This information 
has been included to show the daily variations of cholesterol intake and of 
sterol and bile acid excretion obtained in a typical animal. When large 
standard deviations are observed, these are frequently due to the failure 
of the animal either to consume its food or to excrete any feces on 1 of the 
5 days of the experimental period. 

Table III presents a summary of the balance experiments on the stock 
diet. The figures listed for each dog represent the average values of the 
daily samples taken during each 5 day collection period. On the stock 
diet the average cholesterol excretion of the three dogs ranged from 69 to 
88 mg. per day and was 2 to 3 times the average daily cholesterol intake. 
The average daily bile acid excretion varied from 66 to 99 mg. per dog. 


TABLE I 
Serum Cholesterol Levels of Dogs during Balance Studies 4 





Dog 24, 3; 


Dog 25, 9; 
2.2 kilos 


Dog 36, 2; 
3.5 kilos 


4.8 kilos 








| 
| 
Regimen | 





Serum total cholesterol, mg. per cent 





es a | 
| 


Stock (Diet A) 





RE ee OPO Nee ee OE ee | 146 210 180 

‘¢ + thiouracil (Diet B).......... ee seas oa 375 | 569 362 
2.4% cholesterol (Diet C)........................| 300 | 449 307 
24% “+ thiouracil (Diet D)...........| 1660 | 1470 | 856 





Only two of the dogs were studied on the stock diet plus thiouracil; their 
cholesterol and bile acid excretion did not differ significantly from the cor- 
responding values on the stock diet alone. 

Table IV summarizes the results of the balance experiments carried out 
with the 2.4 per cent cholesterol diet. On this regimen the euthyroid ani- 
mals on the average excreted 77 per cent of the ingested cholesterol. These 
euthyroid animals converted 32 per cent of the ingested cholesterol to bile 
acids. Their combined cholesterol plus bile acid excretion thus accounted 
for 109 per cent of the administered sterol. After the hypothyroid state 
had been induced in the three dogs by the administration of thiouracil, 
they excreted on the average 83 per cent of the dietary cholesterol as cho- 
lesterol. The fecal bile acids accounted for an additional 13 per cent of 
the cholesterol intake. The bile acid excretion of the cholesterol-fed, hy- 
pothyroid dogs was significantly lower (p <0.01 (14)) than that of the 
same animals in the euthyroid state. In the dogs on the cholesterol- 
thiouracil regimen, 96 per cent of the dietary cholesterol could be recovered 
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TaBLe II 
Cholesterol Balance of Dog 24* 
The Vv values are > given in mg. 






















































































A B Cc D E 
; iain imeregzemas mene | 
Regimen No Cholesterol Bile acid excretion — A, over-all 
| a Bin 5s Ae ra) balance 
Intake Excretion IPE-46¢ | IPE-60¢ Total 
ee ee ———— . | ee : 
Stock | 1 25 50 79 0 79 104 
2 (25 79 68 0 68 122 
3 (25 65 70 , 70 110 
4 |25 79 43 43 97 
5 |25 75 72 on 72 122 
Wikr "4 
Average ........ 25 + = 08 69 + 13 \66 + 14 lo 166 + 14 Ill + 13 
Stock + 1 |44 91 st lat 125 172 
thiouracil 2 a4 71 (66 28 94 121 
3 |44 114 91 0 91 161 
4 |44 60 90 0 ‘90 106 
| 5 29 45 |29 113 42 - 
| | | _| 
ia ten, Age aes a a ey Uae 
Average .... aus +7 |76 +27 |72 + 26 16 + 18 [88 + 30 1124 + 50 
<a des sneer e 
2.4% choles- | 1 (1220 ‘890 (230 140 370 40 
terol | 2 {1220 810 |200 160 |360 |\—50 
| 3 |1220 940 (320 /130 450 170 
| 4 {1240 910 (250 100 350 20 
| 5 |1240 950 310 1100 410 120 
| 6 |1240 1010 ‘240 70 i im 80 
‘eae | ee 
Average ........|1230 + 10/920 + 70 |260 + a pms + 40/380 + 50/60 + 90 
2.4% choles- | 1 |1180 430 160 (60 220 —530 
terol + | 2 10 620 120 110 230 850 
thiouracil | 3 1180 650 70 20 90 —440 
| 4 |1180 1160 130 0 130 110 
| 5 {1180 750 120 30 150 ~280 
| 
Average ........|940 + 530/720 ++ 300/120 + 40/40 + 50 |160 + 70/60 + 330 

















* Miniature Pinscher, male, 2.2 kilos. 

t Bile acids with two oxygen functions. 
t Bile acids with three oxygen functions. 
§ Standard deviation. 
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TaB_e III 


Cholesterol Balance and Bile Acid Excretion in Dogs 
The values are given in mg. 


Average daily 


Average daily excretion 
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Dog No cholesterol SEES GEESE GEEEEEEEREEEEE Oe - ; 
intake Cholesterol | IPE-40 fraction| IPE-60 fraction| Total bile acids 
Stock diet 
==> es = = 7 
24 2+0 | 69+13 | 6414 | 0 | 66 + 14 
25 447 | 8+2 | 8441 | 0 89 + 41 
36 26 + 9 88 + 36 82 + 29 17 + 18 99 + 33 
ee a | 
Average... 248 | 9434 | 79428 | 6 +14 | 85 4 42 
Stock diet and thiouracil 
24 41 +7 | 76 4 27 72 + 26 16 + 18 88 + 30 
36 35413 | 93 4 41 52+ 26 | 6 +6 58 + 10 
| 
didlisiacterlsien a aia 
Average.... 38 + 10 | 85 + 32 | 62 + 20 | ll + 14 73 + 25 
TaBLeE IV 
Cholesterol Balance of Cholesterol-Fed Dogs 
The values are given in mg. 
Average daily } Average daily excretion 
Dog No. cholesterol 
intake | Cholesterol IPE-40 fraction|IPE-60 fraction/Total bile acids 
2.4 per cent cholesterol diet 
24* | 1230 + 10 920 + 70 | 260 + 50 | 120 +40 | 380 + 50 
25 | 950 + 590 | 710 + 570 | 340 + 290 | 50 + 30 | 390 + 320 
36 | 1120 + 80 | 930 + 530 | 240 + 130 | 30 + 50 | 270 + 170 
—— —_ | } | 
Average.........| 1100 + 300 | 850 + 380 | 280 + 80 | 70 + 50| 350 + 180 
2.4 per cent cholesterol plus thiouracil 
24 | 940 + 530 | 720 + 300 | 120 + 40 40 + 50 | 160 + 70 
25 | 1760 + 0 1350 + 830 | 160 + 80 10 + 10 | 170 + 70 
36 | 1180 + 0 1130 + 140 | 170 + 60 0 0 | 170 + 60 
diss —| 
Average.........| 1290 + 140 | 1070 + 530 | 150 + 60 20 + 30 | 170 + 60 








*6 day experiment. 
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as fecal cholesterol plus bile acid. This value was not significantly differ- 
ent from the over-all recovery of 109 per cent obtained when the animals 
were fed the high cholesterol diet without thiouracil. 

Although taurocholic acid is the predominant constituent of dog bile 
(11), a large proportion of the fecal bile acids was found in the dihydroxy- 
cholanic acid (IPE-40) fraction. This is believed to be due in part to the 
transformation of cholic acid to deoxycholic acid by the action of the in- 
testinal microorganisms. According to unpublished experiments, cholic 
acid incubated with dog feces was converted extensively into deoxycholic 
acid. The differences in the relative proportions of acids found in the 
dihydroxycholanic acid and trihydroxycholanic acid (IPE-60) fractions 
cannot be ascribed, therefore, to differences in cholesterol metabolism by 
the tissue of the experimental animals. 


DISCUSSION 


The three dogs used in this experiment were in negative cholesterol] 
balance when fed the low cholesterol diet. If it is assumed that the fecal 
bile acids are end-products of the metabolism of cholesterol (4-6), the 
minimal daily synthesis of cholesterol by these animals can be calculated. 
Since the combined cholesterol and bile acid excretion exceeded the cho- 
lesterol intake by 110, 154, and 161 mg., respectively, the endogenous 
cholesterol production must have amounted to 50, 44, and 34 mg. per kilo 
of dog. 

It could not be stated that the administration of thiouracil to two of the 
dogs on the stock diet had any effect upon the amount of cholesterol or 
bile acids excreted. The thiouracil must have exerted some effect upon 
cholesterol metabolism, however, since the serum cholesterol levels of these 
dogs rose from an average value of 180 to 435 mg. per cent when this drug 
was administered. Radioisotope studies will be needed to detect possible 
differences in cholesterol turnover between euthyroid and hypothyroid 
dogs on the low cholesterol diet. 

On the high cholesterol diet the dogs, with the exception of Dog 36 in 
the hypothyroid state, excreted 75 to 83 per cent of the administered cho- 
lesterol regardless of their thyroid state. Therefore the administration 
of thiouracil to the dogs had no demonstrable effect upon the intestinal 
absorption of cholesterol. In the euthyroid state the dogs excreted 4 
times as much bile acids on the high,cholesterol as on the low cholesterol 
diet. This increase in bile acid output was sufficient to account for the 
cholesterol absorbed from the diet. Such a relationship between dietary 
cholesterol and increased bile acid excretion in dogs has not been reported 
previously. On the cholesterol-thiouracil regimen the dogs excreted only 
one-half as much bile acids as on the high cholesterol diet alone, although 
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the amount of cholesterol absorbed was comparable in the two periods. 
It is possible that the thiouracil exerted its effect by changing the nature 
of the bacterial flora of the intestines, but it seems more likely that the 
thiouracil reduced the capacity of the dogs to convert excess dietary cho- 
lesterol into bile acids. Further studies will be required to prove whether 
or not the accumulation of cholesterol in the serum of hypothyroid, cho- 
lesterol-fed dogs is due to the impaired capacity of these animals to dispose 
of excess dietary cholesterol by converting it to bile acids. 


SUMMARY 


The cholesterol balance and bile acid excretion were determined in three 
small dogs on low and high cholesterol diets with and without the adminis- 
tration of thiouracil. 

On the low (average 0.040 per cent) cholesterol diet the dogs excreted 
18 to 32 mg. of cholesterol and 21 to 30 mg. of bile acids per kilo of body 
weight per day. The oral administration of thiouracil (200 mg. per day) 
for 3 weeks did not produce detectable changes in the excretion of cho- 
lesterol and bile acids. 

On the high (2.4 per cent) cholesterol diet the euthyroid animals ex- 
creted 32 per cent of the ingested cholesterol as fecal bile acid. When the 
same animals were in the hypothyroid state, only 13 per cent of the in- 
gested cholesterol was converted to bile acids. It is concluded that dogs 
receiving a high cholesterol diet plus thiouracil have an impaired capacity 
to convert excess dietary cholesterol into bile acids. 


Some of the cholesterol used in this study was kindly supplied by The 
Wilson Laboratories, Chicago, Illinois. Pure cholic and deoxycholic acids 
were a gift from the Ames Company, Elkhardt, Indiana. We wish to 
thank Dr. E. C. Horning of the National Heart Institute and Dr. R. B. 
Bernstein, University of Michigan, for determinations of the infra-red 
spectra. Dr. H. A. Bickerman kindly carried out the determinations of 
the basal metabolic rates. The authors wish to thank E. Halpern and J. 
Brunder for expert technical assistance. 
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A MONOPHOSPHOINOSITIDE OF LIVER* 


By J. M. McKIBBIN 


(From the Department of Biochemistry, State University of New York, Upstate 
Medical Center, Syracuse, New York) 


(Received for publication, October 6, 1955) 


A procedure has been developed in this laboratory for the separation of 
certain groups of phosphatides of the cephalin fraction from dog liver. 
By this method a polyglycerol phosphatidic acid was separated (1) and 
fractions were obtained which were rich in inositides. By extension of 
this and other techniques, concentrates of a monophosphoinositide have 
been prepared from the dog liver cephalins. Since this substance appears 
to be a minor component of the mixture, a more abundant source of these 
lipides was needed. A commercially prepared whole lipide extract of horse 
liver! was found to be an adequate source of this substance, and from it 
were obtained good preparations of the inositide. This paper describes 


the isolation procedure and gives preliminary information on the composi- 
tion of this lipide. 


EXPERIMENTAL 


Analytical Methods—T otal lipide phosphorus and sugar were determined 
as reported previously (2, 3). Total lipide nitrogen was obtained by the 
digestion procedure used for the determination of sphingosine (4) followed 
by distillation and nesslerization. Total lipide inositol was determined 
microbiologically (5), glycerol was obtained by the method of Blix (6), 
and fatty acids were determined titrimetrically. 

Isolation Procedure—All procedures listed below were carried out at 
room temperature unless otherwise indicated. 

Alcohol Precipitation and Purification—A solution of 17.3 gm. of horse 
liver lipides (Viobin) in 25 ml. of chloroform was mixed in a centrifuge 
bottle with 180 ml. of 95 per cent ethanol. The mixture was placed in a 
deep freeze cabinet overnight and then centrifuged, and the supernatant 
solution was discarded. The residue was extracted with 80 ml. of warm 
ethanol, left overnight in the deep freeze, centrifuged, and decanted, and 
the precipitate was finally extracted again with 40 ml. of alcohol in the same 
fashion. The precipitate was then dissolved in 40 ml. of chloroform, and 


* This work was supported by a grant from the Life Insurance Medical Research 
Fund. A preliminary report of this work was presented at the Forty-fifth annual 
meeting of the American Society of Biological Chemists at Atlantic City, New Jer- 
sey, April, 1954. 

1 Viobin Laboratories, Monticello, Illinois. 
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non-lipide contaminants were removed by emulsification with 40 ml. of 
0.25 m aqueous. MgCl, (2). Three such washings were found to be ade- 
quate. The purification at this stage was facilitated by the absence of 
the alcohol-soluble phosphatides, and no difficulties were experienced in 
breaking the washing emulsions. All of the liver inositides are in this 
alcohol precipitate fraction. 

Chromatographic Fractionation—75 gm. of silicic acid were washed twice 
with acetone and mixed with 75 gm. of washed Celite? and 650 ml. of 
chloroform. This mixture was placed in a glass column, 36 mm. in diam- 
eter, plugged with cotton and attached to a suction flask. The alcohol 
precipitate fraction, equivalent to 4.1 mmoles of lipide P and dissolved 
in 140 ml. of chloroform, was then placed on the column and rinsed with 
an additional 75 ml. of chloroform. The column was first eluted with 375 
ml. of a solution of 2 per cent methanol in chloroform which removed the 
neutral fat and other lipides, but negligible amounts of phospholipides. 
Then the column was eluted successively with 400 ml. of 6 per cent, 400 
ml. of 9 per cent, and 400 ml. of 17 per cent methanol in chloroform. The 
monophosphoinositide is concentrated in the 17 per cent eluate (Fraction 
1, Table I). In Preparations 1, 2, and 3 described below (Table II) the 
alcohol-insoluble lipides were subjected to a preliminary chromatographic 
fractionation carried out in the same fashion and yielding the inositide with 
other phosphatidic acids (1) in an 11 per cent methanol eluate. Chromat- 
ographic fractionation of this material carried out as described above 
yielded a similar 17 per cent eluate (Fraction la, Table I). This prelim- 
inary fractionation reduced nitrogenous lipide impurity which must other- 
wise be removed by fractionation of the lead salts (see below). 

Counter-Current Extraction—Fraction 1 or la equivalent to 8.5 mmoles 
of lipide P was dissolved in the solvent system benzene 280 ml. and 
petroleum ether 120 ml. versus methanol 240 ml., acetone 80 ml., and wa- 
ter 80 ml. A counter-current extraction with this solvent system was car- 
ried out in Pyrex separatory funnels with water as lubricant. The lower 
polar phase was moved and each 400 ml. of fresh upper and lower phase 
was supplied from a mixture of this complete solvent system. The extrac- 
tion was carried to only seven funnels because of difficulties with emulsions. 
About 80 per cent of the total phospholipide remained as a dark brown 
solution in the benzene-petroleum ether upper layer in Funnel 1. Funnels 
2 to 7 inclusive contained colorless phospholipide mixtures rich in inositides 
and low in nitrogen-containing cephalins. Reextraction of the lipides re- 
maining in Funnel 1 with the same solvent system gave several series of 
extracts of identical composition to the first. The pooled lipides of Fun- 


2? Hyflo Super-Cel, Johns-Manville. This material was rendered free of elutable 
substances by washing with water, methanol, and acetone. 
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nels 3 to 6 inclusive (Fraction 2 or 2a, Table I) were then further fraction- 
ated in the different ways described below, yielding the six inositide prep- 
arations shown in Table II. All of the preparations are comparable except 
the phosphatidic acid prepared from the lead salt (Preparation 6) which 
has a slightly different fatty acid component and has lost fatty acid incident 
to lead removal. 

Preparations 1 and 2—Fraction 2a equivalent to 0.5 to 0.6 mmole 
of lipide P was dissolved in 100 ml. of the above solvent system and 
another counter-current extraction was carried out to sixteen funnels. 
Groups of these extracts (Fractions 3a and 4a, Table I) equivalent to 


0.25 to 0.40 mmole of lipide P were dissolved in 80 ml. of chloroform 



































TABLE I 
Composition of Fractions of Horse Liver Lipides 
| 
Pooled lipides 
| , — of 2n 
Fraction 1a, cope by — counter-current 
Original Purified 7 wl ~s eluate lipides of extraction Crude 
whole Teohol f oo ‘f fraction Funnels 3-6 head 
liver alcohol |fraction after without inclusive of P a 
extract ppt. | preliminary preliminary | 1st counter- |Fraction|Fraction| salt 
“a chromato- com _— nami 
gram extraction 2-8 in. |9-12 in 
clusive | clusive 
Phosphorus 
yield of frac- 
ee 100 26 4.08 24.0 0.45 0.23 | 0.07 | 2.86 
N:P, molar 
| a 1.00 0.70 0.79 0.18 0.10 | 0.15 | 0.13 
Inositol-P, 
molar ratio..| 0.092) 0.23 0.51 0.78 0.85 | 0.91 | 0.89 
and placed on a silicic acid-Celite column described previously (1). The 


column was first eluted with 200 ml. of a solution of 10.5 per cent methanol 
in chloroform to remove contaminant cephalins. The column was then 
eluted with 200 ml. of 13 per cent methanol in chloroform to remove the 
bulk of the monophosphoinositide. Preparation 1 is the 13 per cent eluate 
from Fraction 4a; Preparation 2 is from Fraction 3a. Table II gives the 
composition of these monophosphoinositide preparations. The final yield 
of material in Preparations 1 and 2 represents 0.85 per cent of the phos- 
phorus and 3.7 per cent of the inositol present in the original alcohol- 
insoluble phosphatides. 

Preparation 3—A number of counter-current extractions have been car- 
ried out with the lipides of Fraction 1a pretreated with Amberlite IRC-50H 
in 1:1 chloroform-methanol solution. The amount and composition of the 
fractions obtained from this material are comparable to those obtained from 





540 MONOPHOSPHOINOSITIDE OF LIVER 


untreated lipides, except that there was a more clear-cut removal of im- 
purity cephalins from the inositide in Funnel 4. A pool of these lipides of 
Funnel 4 was chromatographed as described above yielding Preparation 3 
(Table IT). 

Preparations 4, 5, and 6—The lipides of Fraction 2 equivalent to 0.5 
mmole of lipide P were dissolved in a mixture of 40 ml. of chloroform 
and 57 ml. of methanol. To this solution were added with stirring 2.0 
ml. of a saturated solution of lead acetate in 1:1 chloroform-methanol. 
About half the phospholipide precipitated (crude lead salt, Table I, and 
Preparation 4, Table IT), leaving most of the nitrogenous lipide impurity 




















TABLE II 
Composition of Monophosphoinositide Preparations 
Preparation No. 
1 2 3 4 5 6 

Phosphorus, %.............. 3.50 3.32 3.12 3.58 
Fatty acid-P, molar ratio....| 2.13 1.94 1.98 | 1.98 | 1.86 1.59 
Inositol-P, molar ratio....... 0.88 0.91 0.92 | 0.89 | 0.88 0.94 
Glycerol-P  ‘‘ ee oes 1.07 1.07 0.99 1.00 
Hexose (as_ galactose)-P, 

mazimal molar ratio......| 0.01 0.01 
Nitrogen-P ‘‘ aoe | 0.081 0.092; 0.071 | 0.133 | 0.086 | 0.075 
Fatty acid unsaturation, 

double bonds per molecule. . + 0.42 0.47 0.59 0.90 
Fatty acid equivalent 

aN 274 270 304 
Pb:P, molar ratio........... | | | 3.41 














in the supernatant solution. The precipitate was resuspended in 68 ml. 
of 1:1 chloroform-methanol and treated with H.S. The PbS was removed 
by filtration and the phosphatidic acid was reprecipitated from the above 
solvent system with lead acetate. The lead salt was finally washed by 
suspension in methanol (Preparation 5, Table II). The purified lead salt 
had less nitrogenous impurities and a slightly lower fatty acid content than 
the crude lead salt. Regeneration of the acid from this salt with H.S re- 
sulted in extensive removal of fatty acid by hydrolysis. The resulting 
lead sulfide filtrate contained free fatty acid and a phosphatidic acid rem- 
nant containing less fatty acid (Preparation 6, Table II). The purified 
lead salts thus prepared represent the simplest and most economical iso- 
lation of the phosphatide. By using three counter-current extractions of 
Fraction 1 the yield of the purified lead salt (Preparation 5) is 2.24 per 
cent of the original cephalin phosphorus. However, the phosphatidic 
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acid obtained from this by H.S treatment contains free fatty acid and is 
therefore only suited for study of the non-fatty acid portion of the molecule. 

Composition and Properties of Inositide Preparations—The composition 
of the inositide preparations is given in Table II. They contain inositol, 
phosphorus, glycerol, and fatty acid in a simple molecular ratio of 1:1:1:2, 
respectively. They contain no sugar and only a small contaminant of 
nitrogen-containing cephalins. Assuming a structure of entirely ester link- 
ages and a salt form, the above components account for essentially all of 
the weight of the lipide. Preparations 1 to 3 are all off white amorphous 
solids which are easily soluble in water, chloroform, and benzene, slightly 
soluble in methanol, ethyl ether, and petroleum ether, and insoluble in 95 
per cent ethanol, acetone, and ethyl acetate. The barium salt is insoluble 
in water but soluble in 3:1 chloroform-methanol. The lead salts contain 
several times more lead than that predicted by the titration curve of in- 
ositide acids prepared from these salts. This is doubtless due to a complex 
formation similar to that given by free inositol. 

Titration of an aqueous solution of Preparation 3 with acid and base 
demonstrated little buffering action between pH 3.3 and 9.9, indicating 
the absence of a free carboxyl group or a free phosphoric acid group which 
can be titrated in this range. An ultraviolet absorption spectrum of this 
preparation in chloroform solution in the range 247 to 400 my revealed a 
single peak at 275 my with a molecular extinction coefficient (based on P) 
of 635. The absorption steadily increased with decrease in wave-length 
below 260 my. The absorption spectrum of the fatty acids isolated from 
Preparation 2 showed a slight peak at 224.5 my with continuous decrease 
in optical density to 360 my. The molecular extinction coefficient at 250 
mu was 497, whereas that of the intact phospholipide in chloroform was 
436. The high optical density and saturation of the intact lipide and the 
free fatty acids indicate that the unsaturation is due essentially to polyene 
unsaturated acid (such as 9,10, 11,12-linoleic acid) rather than to mono- 
unsaturated acid (7, 8). 

Alkaline Hydrolysis—Preparation 6 equivalent to 0.60 mmole of P was 
saponified in 49 ml. of 0.2 N NaOH at room temperature for 12 hours. 2.0 
ml. of glacial acetic acid were added and the mixture was extracted three 
times with equal volumes of chloroform to remove fatty acid. The aqueous 
phase was neutralized with solid Ba(OH)s and centrifuged to remove the 
small amount of insoluble material. The supernatant solution was de- 
canted and an equal volume of absolute ethanol was added slowly with 
stirring to precipitate barium glycerophosphate and barium inositol phos- 
phate. The yields, by analysis, are approximately 15 and 35 per cent of 
original lipide P, respectively. The salts were reprecipitated in 50 per cent 
ethanol and converted to the brucine salts (9). 40 ml. of acetone were 
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added with stirring to a solution of these salts in 6 ml. of water. The 
precipitate of brucine inositol phosphate was then reprecipitated from 
aqueous acetone; yield 70.7 mg., m.p. 172—175° (see Table III). 

The brucine salt was converted to the barium salt by addition of solid 
Ba(OH): to a solution of 70 mg. of brucine salt in 25 ml. of water. After 


TaBLeE III 
Analysis Of Precipitate of Brucine Inositol Phosphate 
































CeHisOoP (CosHesN204)2 
Found Calculated 

Total phosphorus, %................. 2.88 2.96 

<< Sn rere 15.7 17.2 
ee ay, ere 0.0 0.0 
Inositol-P, molar ratio................ 0.94 1.00 
‘‘Free’”’ inositol activity, % of total 

SE Ee eee ee eee re 26.7 

TaBLe IV 
Analysis of Salis A and B 
Salt A | Salt B CcHuOsPBa 
| 
Found Calculated 

Total phosphorus, %................ 7.40 7.43 7.84 

yO ee eee 41.2 46.5 45.5 
Inositol-P, molar ratio.............. 0.96 | 1.08 1.00 
I ona Sais ci Bee Fok oes d gears | 31.8 34.7 
Barium-P, molar ratio............... 0.965 1.00 
Total glycerol, %................... 1.50 0.00 
Glycerol-P, molar ratio.. : 0.068 | 0.00 
‘*Free’’ inositol activity, % of total 

Ea er ee eee ee 28.5 | 











removal of brucine the barium salt was precipitated with an equal volume 
of ethanol. The salt was reprecipitated in 38 per cent ethanol and washed 
with 50 per cent ethanol. The yield of this barium inositol phosphate 
(Salt A) was 16.7 mg. Another preparation, barium Salt B, was prepared 
in the same fashion from another hydrolysate (see Table IV). 

Acid Hydrolysis—Preparation 6 equivalent to 0.48 mmole of P was re- 
fluxed with 37 ml. of 5.2 nN HCl on a sand bath for 70 minutes. The hy- 
drolysate was extracted with chloroform and the aqueous phase was con- 
centrated to dryness under reduced pressure. Excess HCl was removed by 
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two additions of water and by concentrating to dryness. The residue was 
taken up in a few ml. of water and solid Ba(OH)2 was added in excess. 
The insoluble material was removed and an equal volume of alcohol was 
added. The precipitated barium salts were purified by reprecipitation 


‘from aqueous solution with alcohol and washed with 50 per cent alcohol. 


The brucine salts were obtained by the same procedure that was used for 
the alkaline hydrolysates above; 118.5 mg., m.p. 169-171°, P 2.65 per cent, 
inositol 14.0 per cent, free inositol activity 29.3 per cent of total. A 
barium salt was prepared from this brucine salt. It had a composition 
similar to the above barium Salts A and B and demonstrated comparable 
“free” inositol activity. 

The inositide has been obtained in somewhat less pure form from dog 
liver. Eight different preparations have been separated by using various 
modifications of the procedure described above for the horse lipides. These 
have physical and chromatographic properties identical with those of the 
horse preparations. The N:P molar ratios of these preparations ranged 
from 0.087 to 0.230 and the inositol-P ratios from 0.79 to 1.05. The 
fatty acid-P ratio approximated 2:1 in the two preparations which were 


analyzed. The inositide is clearly a component of both dog and horse 
liver. 


DISCUSSION 


The isolated substance appears to be a sugar-free inositol glycerol phos- 
phatide with a small contaminant of nitrogen-containing cephalins. The 
homogeneity of this material is strongly indicated by its properties, the 
molar distribution of its hydrolysis products, and its chromatographic 
behavior. No mixture of known phospholipides can conform to this com- 
position. The substance appears to be similar to the inositol glycerol 
phosphatidic acid recently isolated by Faure and Morelec-Coulon from 
wheat germ (10) and beef heart (11) and differs from these lipides only in 
the nature of the fatty acids. The iodine numbers of the fatty acids of the 
wheat germ and heart lipides are 89 and 110, respectively, whereas those 
of the liver Preparations 1 to 3 are 44 to 56. 

A similar inositide has been found in soy bean phosphatides (12-14), but 
the liver inositide is readily distinguished from the diphosphoinositide of 
brain (15) and the glycerinositophosphatide of peanuts (16). The struc- 
ture of the liver inositide is probably that suggested by Faure and More- 
lec-Coulon (10) for the wheat germ phosphatide and by Okuhara and 
Nakayama (14) for the soy bean phosphatide. Glycerol and inositol are 
directly linked to phosphorus and the fatty acids are presumably esteri- 
fied to the glycerol. 

The possibility that the liver inositide is a preparation artifact, possibly 
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arising from hydrolysis during silicic acid chromatography, seems unlikely, 
since many fractions, crude and pure, have been repeatedly chromato- 
graphed without any change in the amount of material eluted with 13 per 
cent methanol or in their properties. It could not possibly arise from 
hydrolysis of diphosphoinositide of the type found in brain (15) because 
of its high fatty acid content, nor from an inositide-like lipositol (17) be- 
cause of its glycerol content. 

The microbiologic activity of the isolated inositolphosphoric acid is 6 
to 10 times that of inositolphosphoric acid isolated from soy bean inositide 
(18), phytate (19), or prepared synthetically (20). The actual presence of 
free inositol in the salts is unlikely from the method of preparation and 
from the small amount of free inositol formed in the hydrolysis. More- 
over, an 11-fold quantity of free inositol was added to a solution of the 
brucine salt and all of this was lost in the conversion to the barium salt. 
The salt was absorbed from alkaline solution by an anion exchange resin 
(Dowex 2) and this was washed with water. No significant amounts of 
free inositol were found in the washings. The inositol phosphate was then 
eluted with strong HCl and demonstrated no reduction in free inositol 
activity. The free inositol activity of about 30 per cent of total inositol 
has held for all preparations of brucine and barium salts prepared from 
different hydrolysates. The differences in microbiologic activity and in 
the melting points of the brucine salts of the inositolphosphoric acids 
isolated from liver and soy bean (9) inositides indicate that different iso- 
mers do exist in the parent inositides. 


The author is indebted to Mrs. Carol T. Morgan for valuable technical 
assistance in this work. 


SUMMARY 


A method is described for the separation of a monophosphoinositide from 
the alcohol-insoluble phosphatides of horse and dog liver. The lipide con- 
tains no sugar or nitrogen, but all preparations contain small amounts of 
nitrogenous cephalin contaminant. The molar ratio of inositol-P-glycerol- 
fatty acid is 1:1:1:2. Salts of inositolmonophosphoric acid were isolated 
from both acid and alkaline hydrolysates of the lipide. This ester has 
unique high growth-promoting activity for Saccharomyces carlsbergensis. 
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EFFECT OF PROGESTERONE ON MITOCHONDRIAL 
ADENOSINETRIPHOSPHATASE* 


By RUTH WADE ann HOWARD W. JONES, Jr. 


(From the Department of Gynecology, The Johns Hopkins University 
School of Medicine, Baltimore, Maryland) 


(Received for publication, August 23, 1955) 


It has previously been reported that progesterone accelerates the rate 
of hydrolysis of ATP! by aqueous rat liver homogenates (1). The experi- 
mental data suggested that progesterone acts directly on an enzyme or 
coenzyme involved in ATPase activity. This action has now been com- 
pared with the effect of DNP on the ATPase of isotonically prepared mito- 
chondria of rat liver, and the substrate and steroid specificity have been 
further investigated. 


Methods 

Mitochondria were prepared from livers of 21 to 24 day-old male rats 
by the method of Schneider and Hogeboom (2). They were washed once 
in cold, isotonic sucrose, recentrifuged, and suspended in 1 ml. of 0.25 m 
sucrose per 50 mg. of fresh liver. The ATPase activity was measured at 
31°, pH 7.4, in a médium containing 6 umoles of ATP, 2 per cent y-globulin, 
30 umoles of Tris buffer, 100 umoles of KCl, 5 umoles of MgCle, 0.025 ml. 
of aqueous progesterone solvent,? and mitochondria from 25 mg. of rat 
liver. The final volume was 2.5 ml. The reactions were stopped with 5 
per cent trichloroacetic acid, and, after centrifugation, 1 ml. of the super- 
natant fluid was taken for inorganic phosphate determination by the 
method of Fiske and Subbarow (3). 

Sacktor has found that, in the absence of a supplementary protein in 
the incubation medium, degenerative changes to fly wing mitochondria 
began almost immediately and lysis was complete within 30 minutes of 
incubation (4). By the addition of an inactive protein, the physical state 

* This work was supported in part by the American Cancer Society, Maryland 
Division, the S. and N. Katz Foundation, and Mr. Melvin Goldberg. 

1 The following abbreviations are used: ATP, adenosine triphosphate, ADP, ade- 
nosine diphosphate, AMP, adenosine monophosphate, ATPase, adenosinetriphospha- 
tase, DNP, 2,4-dinitrophenol, Tris, tris(hydroxymethyl)aminomethane. 

2 Supplied by E. R. Squibb and Sons, New York, in collaboration with Schering- 
Kahlbaum, A. G., Berlin, West Germany. The composition of the solvent is as 
follows: progesterone 20 mg., ethyl urea 440 mg., ethyl urethane 255 mg., and pro- 


pylene glycol 200 mg. These ingredients are dissolved in distilled water with a final J 
volume of 1 ml. 
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of the mitochondria may be preserved for a longer period of time. In our 
experiments it was found that 2 per cent y-globulin was a very satisfactory 
protein for this purpose. Also, when y-globulin is added, the progesterone 
becomes much more soluble. Control tubes contained the aqueous solvent 
without progesterone. 


Results 


ATPase of Fresh and Aged Mitochondria—In previous work with aged 
rat liver homogenates prepared in water from frozen tissue, the ATPase 
activity was found to be constant with each preparation (1). Under these 
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Fic. 1. The incubation medium contained 6 umoles of ATP, 2 per cent y-globulin, 
30 wmoles of Tris buffer, 100 nzmoles of KCl, 5 wmoles of MgCle, 0.025 ml. of aqueous 
progesterone solvent, and mitochondria from 25 mg. of rat liver. The final volume 
was 2.5 ml., pH 7.4, temperature 31°. Progesterone concentration was 6.4 X 107‘ m. 


conditions it was found that the acceleration by progesterone of the reac- 
tion was proportional to the hormone concentration between 2 X 10-4 m 
and 6 X 10-‘m progesterone. With 6 X 10~‘ m progesterone, the greatest 
concentration which could be kept in solution, there was a 65 per cent 
increase in enzyme activity over the control. 

On the other hand, in fresh, isotonically prepared mitochondria, it has 
been observed that ATPase is “latent” and exhibits no activity during the 
first 10 minutes of incubation time (5). With the addition of 6 X 10-‘m 
progesterone to the reaction mixture, the ATPase activity is released im- 
mediately and is greatly enhanced (Fig. 1). The degree of acceleration is 
much greater in fresh mitochondria than in aged preparations and is a 
function of the state of “latency.”” However, even with aged mitochondria, 
as previously reported (exposed to a hypotonic condition, frozen, and 
thawed to break mitochondrial membranes) (1), progesterone will still 
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produce an acceleration. This would seem to indicate that progesterone 
is not activating ATPase by affecting membrane permeability. 


TABLE [| 


Relation of Progesterone Concentration to Adenosinetriphosphatase Activity 








Progesterone concentration Phosphate liberation 

molarity pmoles 
None 0.8 
2x 10-5 1.2 
4X 10-5 1.5 

1x io 2.4 
2X 10 3.7 
4X 10-4 4.8 
6 X 10-4 5.4 








The incubation medium contained 6 ymoles of ATP, 2 per cent y-globulin, 30 
zmoles of Tris buffer, 100 zmoles of KCI, 5 umoles of MgCle, 0.025 ml. of aqueous pro- 
gesterone solvent, and mitochondria from 25 mg. of rat liver. The final volume 
was 2.5 ml., pH 7.4, and the temperature 31°; incubation time 20 minutes. 














TABLE II 
Comparison of Progesterone with DNP As ATPase Activator 
oat. Conditions Tliberation |meck No. Conditions fiiberation 
pmoles pmoles 
1 Fresh mitochondria 1.06 3 Fresh mitochondria, 0.96 
= sts 3.27 propylene glycol 
progesterone Fresh mitochondria, 2.96 
Fresh mitochondria, 2.60 progesterone 
DNP Fresh mitochondria, 1.06 
2 Fresh mitochondria, 0.57 DNP 
KF 4 Aged mitochondria 4.30 
Fresh mitochondria, 0.87 Ps 4s 5.63 
progesterone progesterone 
Fresh mitochondria, 0.85 | Aged mitochondria, 4.45 
DNP | DNP 

















All the tubes contained 30 wmoles of Tris buffer, 100 wmoles of KCl, 5 umoles of 
MgCl., 6 umoles of ATP, 2 per cent y-globulin, 0.025 ml. of progesterone solvent, 
and mitochondria from 15 mg. of rat liver. The final volume was 2.5 ml. and the 
incubation time 20 minutes at 31°. Final concentration of progesterone was 6 X 
10-4 m, of DNP 9 X 10-5 Mm, of KF 6 X 10-* Mm, and of propylene glycol 4 per cent. 


As shown in Fig. 1, the rate of the progesterone-stimulated hydrolysis of 
ATP decreases with time. This may be explained by the accumulation of 
ADP which inhibits ATPase (6) as well as by decrease in substrate con- 
centration. 
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With isotonic mitochondria, the activating effect of progesterone is de- 
tectable at much smaller concentrations of the hormone than it is with the 
aged preparations previously studied. According to the data in Table I, 
the ATPase activity is proportional to the progesterone concentration be- 
tween 2 X 10-5 m and 6 X 10‘ Mm progesterone. Greater concentrations 
could not be kept in solution in the incubation medium. 

Specificity of Progesterone—The effect of progesterone on the enzymatic 
hydrolysis of some other phosphorylated intermediates was tested by re- 
placing ATP with equimolar concentrations of AMP, ADP, and 6-glycero- 
phosphate. Progesterone had no effect on the rate of phosphate liberation 
from any of these substrates in the presence of freshly prepared mito- 
chondria. 

The effect of other steroid hormones on ATPase activity of mitochondria 
was investigated by substituting them in equimolar concentrations for 
progesterone in the incubation medium. Cholesterol, estradiol, testoster- 
one, 17a-hydroxyprogesterone, and pregnanediol dissolved in the proges- 
terone solvent had no effect in either fresh or aged mitochondrial prepara- 
tions. 

Progesterone and DNP—In Table II are recorded the results of various 
experiments comparing progesterone with DNP as an ATPase activator in 
both fresh and “‘aged” mitochondria. One major difference was found; 
although both progesterone and DPN activate ATPase in fresh mitochon- 
dria, progesterone is a much more effeetive activator than DNP in “aged” 
preparations. Also, if an incubation medium containing 17 per cent pro- 
pylene glycol is used to dissolve the progesterone instead of y-globulin and 
an aqueous solvent, progesterone greatly accelerates ATPase activity, while 
DNP has no effect. 

In fresh, isotonic mitochondria, the effects of progesterone and DNP are 
similar. If fluoride is used to inhibit ATPase activity, it also inhibits the 
effects of progesterone and DNP. Also, if ADP is used as an inhibitor of 
ATPase, the effects of progesterone and DNP are proportionally inhibited. 


SUMMARY 


1. Progesterone accelerates the rate of hydrolysis of adenosine triphos- 
phate in fresh rat liver mitochondria. 

2. The increase in adenosinetriphosphatase activity is proportional to 
the progesterone concentration between 2 X 10-5 m and 6 X 10-*. 


3. Progesterone does not activate the release of phosphate from adeno- | 


sine monophosphate, adenosine diphosphate, or glycerophosphate. 
4. Estradiol, testosterone, pregnanediol, or 17a-hydroxyprogesterone has 
no effect on mitochondrial adenosinetriphosphatase activity in this system. 
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5. A comparison is made of the activation of adenosinetriphosphatase 
by progesterone and 2 ,4-dinitrophenol. 
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EFFECT OF PROGESTERONE ON OXIDATIVE 
PHOSPHORYLATION * 


By RUTH WADE anp HOWARD W. JONES, Jr. 


(From the Department of Gynecology, The Johns Hopkins University 
School of Medicine, Baltimore, Maryland) 


(Received for publication, August 23, 1955) 


A comparison of the effect of progesterone and DNP?" in accelerating 
ATPase activity in fresh rat liver mitochondria has indicated that the 
two may act in a similar manner (1). Since the striking effect of DNP on 
oxidative phosphorylation is probably related to its effect on mitochondrial 
ATPase (2, 3), an examination of the effect of progesterone on oxidative 
phosphorylation has been carried out. The results are reported in this 
paper. 


EXPERIMENTAL 


Mitochondria were prepared from the livers of 21 to 24 day-old rats by 
the method of Schneider and Hogeboom (4). They were washed once in 
cold isotonic sucrose, centrifuged, and suspended in 1 ml. of 0.25 m sucrose 
per gm. of fresh liver used. 

The ATP was obtained from the Schwarz Laboratories, Inc., cyto- 
chrome c and DPNH from the Sigma Chemical Company, hexokinase from 
the Pabst Laboratories, and the substrates from the Nutritional Biochem- 
icals Corporation. The y-globulin was donated by the American Red 
Cross. Progesterone in an aqueous solvent and the solvent alone were 
contributed by E. R. Squibb and Sons, New York, in collaboration with 
Schering-Kahlbaum, A. G., Berlin, West Germany.? 

Oxygen consumption was measured by the conventional Warburg tech- 
nique at 31°. Hexokinase and glucose were added 3 minutes after the 
mitochondria to the reaction mixture. After an additional 8 minute pe- 
riod, oxygen consumption readings were begun. 

The standard reaction mixture used to measure oxidative phosphoryla- 
tion was as follows: 30 umoles of phosphate buffer, 100 umoles of KCl, 2 


* This work was supported in part by the American Cancer Society, Maryland 
Division, the S. and N. Katz Foundation, and Mr. Melvin Goldberg. 

1 The following abbreviations are used: ATP, adenosine triphosphate, DNP, 2,4- 
dinitrophenol, DPNH, dihydrodiphosphopyridine nucleotide, ATPase, adenosine 
triphosphatase, Tris, tris(hydroxymethyl)aminomethane, TCA, and trichloroace- 
tic acid. 

2 The composition of the solvent is as follows: progesterone 20 mg., ethyl urea 
440 mg., ethyl urethane 255 mg., and propylene glycol 200 mg. The volume is made 
to 1 ml. with distilled water. 
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per cent y-globulin, 3 umoles of ATP, 20 umoles of MgCl, 0.079 umole of 
cytochrome c, 30 uwmoles of substrate, 100 umoles of glucose, 0.025 ml. of 
progesterone solvent, hexokinase, and mitochondria from 200 mg. of rat 
liver. The final volume was 2.5 ml.; pH 7.4. Control reaction flasks con- 
tained the solvent without the progesterone at a concentration of 0.025 
ml. per 2.5 ml., and at this concentration it was found to have no effect 
upon oxidation or phosphorylation. When progesterone was added, 0.025 
ml. of the solvent containing 20 mg. of progesterone per ml. was used, mak- 
ing a final concentration of 6.4 X 10-* m progesterone or 1.59 uwmoles per 
flask. 

Reaction time varied from 30 to 60 minutes, as indicated with the experi- 
ments. At the end of the incubation time the manometers were quickly 
removed from the water bath, and the flask contents were added to flasks 
containing 5 ml. of 10 per cent TCA. It was necessary to proceed in this 
order, instead of by the conventional method of adding TCA to the flasks, 
because of the thick precipitate which formed from the y-globulin, which 
was difficult to remove from the flasks unless greatly diluted. After cen- 
trifugation, an aliquot of supernatant fluid was taken for inorganic phos- 
phate determination by the Fiske and Subbarow method (5). 


Results 


Effect of Progesterone on Oxidation of Krebs Cycle Intermediates—While 
this work was in progress, Cochran and Dubois (6) reported that the oxi- 
dation of pyruvate and a-ketoglutarate was inhibited by progesterone 
and other steroids. Furthermore, they reported that the formation of 
acetoacetate from pyruvate was inhibited, but that the oxidation of suc- 
cinate was not greatly affected. 

Although the primary concern of this paper is to report the effect of 
progesterone on oxidative phosphorylation, other steroids were also tested. 
Estradiol, testosterone, pregnanediol, and 17a-hydroxyprogesterone dis- 
solved in the aqueous solvent were selected for this purpose. A concen- 
tration of 6.4 X 10-* m steroid was chosen to insure a maximal effect. 

A typical experiment on the oxidation of a-ketoglutarate in the presence 
of the various steroids is reported in Table I. As may be seen, the oxida- 
tion of a-ketoglutarate was significantly inhibited by estradiol, testosterone, 
pregnanediol, 17a-hydroxyprogesterone, and progesterone. However, as 
reported by Cochran and Dubois, these steroids were much less effective 
as inhibitors of succinate oxidation. Progesterone was the most effective 
inhibitor and on the average, at this concentration, it was found to inhibit 
a-ketoglutarate oxidation by 78 per cent, while succinate was inhibited only 
27 per cent. 

To investigate the possibility that this inhibitory action is at the stage 
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of oxidative decarboxylation of a-keto acids (4), isocitrate and malate were 
also used as substrates. It was found that progesterone inhibits their 
oxidation by an average of 75 per cent, and the reaction here does not 
involve a decarboxylation (Table IT). 


TABLE I 
Effect of Steroids on Oxidation of a-Ketoglutarate 





Steroid added | Oz uptake | P uptake 





| P:0 
6.4X 104m | microatoms umoles 

| EPEC eRe Cee 5.4 8.1 | 1.5 
Progesterone....... Nee ene Oe | —1.8 0 
8 io cnincisted abies 2.0 3.0 1.5 
Testosterone...... 3.0 4.3 | 1.4 
Pregnanediol... 3.2 4.7 1.6 
17a-Hydroxyprogesterone... 2.0 3.0 1.5 


The complete system contained 30 uwmoles of phosphate buffer, 100 umoles of KCl, 
2 per cent y-globulin, 3 wmoles of ATP, 20 umoles of MgClo, 0.079 umole of cytochrome 
c, 30 wumoles of substrate, 100 upmoles of glucose, 0.025 ml. of progesterone solvent, 
hexokinase, and mitochondria from 200 mg. of rat liver. The final volume was 2.5 
ml.; incubation time, 30 minutes. 


TABLE II 


Effect of Progesterone on Oxidation of Malate, Isocitrate, and Succinate 
i] “ ’ ’ 











a | | | 
Experi- Substrate | P uptake | Oz uptake | P:O 
ment No. 
% S bine umoles aad | P microatoms ‘wet i 
1 Isocitrate 8.5 5.6 1.5 
progesterone | —1.4 : if 
2 | Malate 8.2 5.0 | 1.6 
P | | 
si progesterone’ | —3.1 1.2 | 
3 Succinate 13.1 9.3 1.5 
m progesterone | —0.3 6.6 











The incubation medium was the same as that in Table I; the incubation time, 30 
minutes. 


While all of the steroids tested were found to inhibit oxidation, it may be 
noted (Table I) that progesterone was the only steroid that affected the 
P:0 ratio. With progesterone there was a net hydrolysis of the ATP 
present, instead of a phosphate uptake which occurred in the controls. 
In preliminary experiments, progesterone had no effect on the hexokinase 
reaction in the absence of mitochondria, so that progesterone must exert 
its effect either by preventing the synthesis of ATP or by causing its 
hydrolysis despite the hexokinase trap. 
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Effect of Progesterone with DPNH As Substrate—Since progesterone in- 
hibits the oxygen consumption with all the substrates tested, the findings 
suggest that at least one site of inhibition is within the electron transport 
chain. In order to test this suggestion, DPNH was used as the substrate. 
The incubation medium was the same as that previously described except 
for the DPNH concentration. Lehninger has reported an uncoupling ef- 
fect of higher concentration of DPNH (7), and in one such experiment we 
also found this to be true. Therefore only 6 uymoles of DPNH were used 
per flask. Three representative experiments of the eighteen carried out in 
this series with progesterone are reported in Table III. The progesterone 











TaBLeE III 
Effect of Progesterone on Oxidation of DPNH 
Bang Steroid O2 uptake | P uptake | P:0 
| 
microatoms | umoles | 
Pod None 4.8 3.7 0.8 
Progesterone | 2.2 | —3.5 
2 None | 3.2 3.3 1.0 
Progesterone | 1.5 | —0.5 
3 None | 4.4 | 3.6 0.8 
Progesterone | 1.6 | —0.9 
| 








The complete system contained 100 zmoles of KCl, 30 umoles of phosphate buffer, 
2 per cent y-globulin, 3 umoles of ATP, 20 uymoles of MgCle, 6 umoles of DPNH, 
0.079 umole of cytochrome c, 100 wmoles of glucose, 0.25 ml. of progesterone solvent, 
hexokinase, and mitochondria from 200 mg. of rat liver. The final volume was 2.5 


ml.; incubation time, 60 minutes. 15 wmoles of fluoride were added in Experiments 
2 and 3. 


flasks showed an inhibition of oxygen consumption of more than 50 per 
cent in all cases and also gave a net hydrolysis of ATP. It is to be noted 
that, although only 3 wmoles of ATP were added, the phosphate uptake 
was —3.5 umoles in the progesterone experiment. Control experiments 
on mitochondria without added ATP and DPNH resulted in an uptake of 
up to —0.7 umole of phosphate, presumably from endogenous ATP present 
in mitochondria. 

The four other steroids were also tested with DPN H asa substrate, and all 
gave an inhibition of oxygen consumption of at least 25 per cent. The 
inhibition of oxidation by steroids would seem to involve an intermediate 
or enzyme within the electron transport chain. 

Although the rate of oxygen consumption was decreased by the other 
steroids, the P:O ratios were approximately normal, and again only pro- 
gesterone uncoupled phosphorylation. 
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The disappearance of the substrate, DPNH, could also be followed 
easily by measuring the light absorption of 340 mu. The reaction flasks 
were taken from the water bath, the medium was centrifuged to remove the 
mitochondria, and the pH adjusted to 8.5 with Tris buffer. The DPNH 
remaining in the medium was found to be stable under these conditions. 
Five experiments of this type were carried out, and the results of one of 
them appears in Table IV. Although progesterone was found to inhibit 
the oxygen consumption, it did not inhibit the rate of DPNH disappearance. 
Indeed, the DPNH disappeared at a faster rate with progesterone than it 
did in the control. 

The DPNH which disappeared could be quantitatively recovered as 
DPN, as shown by enzymatic measurement with alcohol dehydrogenase. 


TABLE IV 


Effect of Progesterone on DPNH Disappearance 





Experi- | 








aan We. Conditions | Time | Os: uptake Po 
min. | microatoms pmoles 
1 | Complete system 30 2.5 2.8 
| . ‘« + progesterone | 30 | 0.7 4.8 
2 | Complete system | 60 | 5.2 5.3 
” + progesterone | 60 1.5 5.4 
No tissue control 60 | 0.4 0.4 
“ DPNH “« 6 | O | 0 


| 





The reaction mixture was the same as that given for Table III. 





Effect of Progesterone on Reduction of Cytochrome c—During the course of 
some of the previous experiments it had been noted that the added cyto- 
chrome c in the control flasks appeared to be rapidly reduced upon the 
addition of mitochondria, while that in the progesterone-containing vessels 
remained oxidized for a considerably longer period. This observation was 
examined quantitatively by measuring the formation of reduced cyto- 
chrome c at 550 mu. Cytochrome oxidase was inhibited by the addition 
of 1 X 10-*m KCN. ‘The results of such an experiment are presented in 
Table V. About 5 minutes after the mitochondria had been added to the 
reaction mixtures, all the cytochrome c in the control reaction had been 
reduced, while that in the progesterone mixture remained in the oxidized 
state. Progesterone therefore inhibits the reduction of cytochrome c. 

Effect of Progesterone on Oxidation of Cytochrome c—To test the effect of 
progesterone on the oxidation of cytochrome c, ascorbic acid was used as 
the substrate (8,9). The standard incubation medium used in the previous 
experiments was changed slightly, as indicated in Table VI. 
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Of the five steroids tested, only progesterone affected the rate of oxida- 
tion of cytochrome c significantly. The data in Table VI show that pro- 
gesterone increased the rate of oxygen consumption in fresh mitochondria, 
but it completely uncoupled the phosphorylation. 


TABLE V 
Effect of Progesterone on Reduction of Cytochrome c 








Conditions Cytochrome c reduced 
mumoles 
Complete system.............0.0-6.005%5- 26.3 
s Pe + progesterone........ 0.1 
No mitochondria control...............} 0.0 
Complete system + ferrocytochrome c.. | 26.5 





The complete system contained 30 umoles of phosphate buffer, 100 umoles of KCl, 
2 per cent y-globulin, 3 umoles of ATP, 20 umoles of MgCle, 0.079 umole of cyto- 
chrome c, 30 wmoles of succinate, 0.025 ml. of progesterone solvent, 6.5 wmoles of 
KCN, and mitochondria from 200 mg. of rat liver; time, 5 minutes. 




















TaBLe VI 
Effect of Progesterone on Oxidation of Ferrocytochrome c 

| Oz uptake eine 

Conditions P:0 
10 20 20 

min. min. min. 

mire, | mie | umole 
Fresh mitochondria, complete system...................| 1.8] 3.5 | 3.1 | 0.9 
y " "7 = + progesterone...| 3.0 | 6.0 | 0.0 | 0.0 
Aged mitochondria, complete system..................... 10.0 | 18.7 | 0.0 | 0.0 
3 ne = ee + progesterone...| 10.5 | 18.9 | 0.0 | 0.0 








The complete system contained 20 ymoles of phosphate buffer, 50 wmoles of KCl, 
2 per cent y-globulin, 6 uymoles of ATP, 20 umoles of MgCle, 15 umoles of NaF, 0.079 
pmole of cytochrome c, 30 ymoles of ascorbic acid, 0.025 ml. of progesterone solvent, 
100 wmoles of glucose, 5 mg. of hexokinase, 6.4 X 10-4 Mm progesterone when indi- 
cated, and mitochondria from 200 mg. of rat liver. 


If the oxidation is previously uncoupled from the phosphorylation by 
aging the mitochondria in aqueous suspensions for at least an hour, the 
rate of oxidation is greatly increased and the progesterone has no effect. 
Neither the addition of hexokinase or glucose, nor that of ATP to these 
mitochondria made any difference in the oxidative rate, so that probably 
these experiments were a measurement of the cytochrome oxidase activity, 
and the reaction rate did not depend on the phosphorylating intermediates 
or enzymes. 
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Effect of Progesterone Concentration—In all of the above experiments 
6.4 X 10-4 m progesterone was used to obtain maximal inhibitions. How- 
ever, since this is probably much greater than any physiological concen- 
tration, experiments with smaller amounts were of interest. One such 
experiment with a-ketoglutarate as the substrate is presented in Table 
VII. Oxygen consumption was inhibited only when the progesterone con- 
centration was greater than 4 X 10-'m. However, the phosphate uptake 
is inversely proportional to the concentration of progesterone up to a con- 
centration of 1 X 10-‘ M. 

We have previously reported that the increase in ATPase activity in the 
presence of progesterone is proportional to the increase in concentration of 
the steroid (1). Parallel experiments in which ATPase activity and oxi- 











TaBLe VII 
Effect of Progesterone Concentration on Oxidative Phosphorylation 
O2 uptake 
Progesterone concentration P uptake P:0 
20 min. 40 min. 

molarily microatoms microatoms pmoles 
ae Seen ee oe 4.2 7.4 14.0 1.9 
Ea a a ee 4.3 7.4 11.3 1.5 
ME oa cc Wid arses 4.3 6.0 7.9 1.3 
A coir nisi at chaig-e tx 08 1.7 3.1 0.6 0.2 

eg re ee 1.8 3.1 —1.1 

CME as cobs wldiaaneve oes 0.0 0.0 —2.8 

















The incubation medium was the same as that in Table I. 


dative phosphorylation were measured with a varying progesterone con- 
centration showed that the two were sensitive to the same range of pro- 
gesterone concentration. 

Progesterone and DNP—The question arises as to whether the ATP 
hydrolysis is the result of a progesterone-activated ATPase which hy- 
drolyzes the ATP as fast as it is formed or whether it is an uncoupling ef- 
fect of progesterone on oxidative phosphorylation, such as is postulated 
for DNP. To answer this question, the liberation of inorganic phosphate 
was measured parallel to the oxidative experiments by using an incubation 
medium of the same composition, except that the oxidative substrate was 
replaced by distilled water in the ATPase flasks. 

Fluoride was added to inhibit ATP hydrolysis (1). In ATPase experi- 
ments, with a concentration of 30 umoles of fluoride per 2.5 ml. and with a 
high hexokinase concentration continually depleting the system of ATP, 
there was no net dephosphorylation. There was still no net phosphoryla- 
tion with progesterone, however. 
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In the absence of an acceptor system such as glucose and hexokinase, the 
rate of oxygen uptake is low (3). With the addition of DNP, oxidation is 
stimulated, but no net phosphorylation occurs (10, 11). Although this is 
not the case in the presence of progesterone when Krebs’ cycle intermedi- 
ates or DPNH is used as a substrate, it is so when ascorbic acid is used. 
Under these conditions progesterone did stimulate oxidation and uncouple 
phosphorylation. 


DISCUSSION 


In the foregoing experiments we have observed two effects of progester- 
one on oxidative phosphorylation. The first observation indicated that 
the rate of oxygen consumption was decreased in the presence of proges- 
terone with the Krebs cycle of intermediates or DPNH as the substrates. 
This, however, seems to be generally true for a number of other steroids, as 
reported in our experiments as well as in those of other workers. Guidry 
et al. observed that estradiol and estrone inhibited the oxidation of iso- 
citrate (12), Gordon and Elliott observed an inhibition of respiration by 
testosterone (13), Grant and Taylor found an inhibition of citrate synthesis 
by testosterone, progesterone, and deoxycorticosterone (14), Cochran and 
Dubois observed an inhibition with these steroids as well as with diethyl- 
stilbestrol (6), and Eisenberg and Gordon reported an inhibition of pyruvate 
oxidation by testosterone (15). 

Still another aspect of this steroid influence has been studied. The 
steroids themselves seem to be metabolized in the process. Wiswell and 
Samuels observed that citrate increased the disappearance of the a,8-un- 
saturated ketone structure in the A ring of progesterone incubated with 
rat liver (16); Grant and Marrian reported a metabolism of pregnanediol 
with oxidative substrates (17). 

We have found in our experiments that progesterone, estradiol, testos- 
terone, pregnanediol, and 17a-hydroxyprogesterone all inhibit DPNH oxi- 
dation but not cytochrome c oxidation. This, together with the fact that 
progesterone causes a disappearance of the hydrogen of DPNH while in- 
hibiting oxygen consumption, and that it decreases the rate of cytochrome 
c reduction, would Suggest that one locus of the steroid inhibition and per- 
haps metabolism is between DPNH and cytochrome c. 

This observation is further supported by recent studies which have re- 
ported that DPNH and TPNH are directly involved in the hydroxylation 
of steroids in the 3, 11, 17, and 21 positions (18-24). 

The second observation in these experiments is that progesterone causes 
a net hydrolysis of ATP instead of its synthesis observed in the control. 
In earlier experiments we had found that progesterone and DNP stimulate 
ATPase in a similar manner (1). In these experiments we have found that 
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progesterone uncouples oxidation from phosphorylation as is reported for 
DNP (11, 12). Furthermore, progesterone and DNP have the same effect 
on the oxidation of ascorbic acid. We therefore believe the action of the 
two compounds to be similar in their relation to ATPase and oxidative 
phosphorylation. 


SUMMARY 


1. Progesterone, estradiol, testosterone, pregnanediol, and 17a-hydroxy~ 
progesterone inhibit the rate of oxygen consumption with Krebs cycle in- 
termediates and dihydrodiphosphopyridine nucleotide as substrates. 

2. Progesterone increases the rate of dehydrogenation of dihydrodiphos- 
phopyridine nucleotide, although it inhibits oxygen consumption with this 
intermediate as a substrate. 


3. Cytochrome is reduced at a slower rate in the presence of progester- 
one. 


4. Progesterone accelerates the rate of oxidation of ascorbic acid. 

5. Progesterone was the only steroid tested that uncouples oxidation 
from phosphorylation and gives a net hydrolysis of adenosine triphosphate. 

6. A comparison is made of DNP and progesterone in reference to oxi- 
dative phosphorylation. 


It is a pleasure to acknowledge the beneficial and courteous counsel of 
Dr. A. L. Lehninger, Director of the Department of Physiological Chem- 
istry, Johns Hopkins University School of Medicine. 
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THE DETERMINATION OF MENADIONE AND METHODS 
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Novelli (1) described a color reaction for menadione, in which the com- 
pound was reacted with 2,4-dinitrophenylhydrazine, after which sodium 
hydroxide was added to alkalinity. The green-colored product formed 
was extracted from the mixture with butyl alcohol. Attempts (2-4) have 
been made to apply this reaction quantitatively with variable results. 
Poor sensitivity, among other things, was the main objection. Analytical 
procedures based on this principle have been published for the determina- 
tion of menadione in pure solution, in pharmaceuticals (3, 4), and in ani- 
mal feeds (5). 

It has been shown in this laboratory that the alkali salts of the 2 ,4-di- 
nitrophenylhydrazine derivative of menadione in ethanol have an intense 
blue color, which can be used for the identification and determination of 
the compound (6). Details of this procedure are reported in this paper. 


Methods 


Reagents— 

1. Concentrated ammonium hydroxide. 

2. 2,4-Dinitrophenylhydrazine reagent prepared by saturating 100 ml. 
of absolute ethanol with 2 ,4-dinitrophenylhydrazine and filtering. 

3. Concentrated hydrochloric acid. 

4, Fisher’s adsorption alumina (80 to 200 mesh). 

5. Anhydrous sodium sulfate. 

6. Absolute ethanol. 

Procedure for Determination of Menadione—1 ml. of solution containing 
0.5 to 4.0 umoles of menadione is diluted to 10 ml. with absolute ethanol in 
a calibrated centrifuge tube, and the contents of the tube are mixed. 3 
gm. of anhydrous sodium sulfate and 3 gm. of Fisher’s adsorption alumina 
(80 to 200 mesh) are added; the tube is shaken vigorously and centrifuged. 
1 ml. of the supernatant fluid is transferred to a test-tube cuvette. A 
standard solution containing 0.2 umole of menadione per ml. is made up in 


* The data of this paper were taken from a dissertation submitted by William J. 
Canady in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy, George Washington University, Washington, D. C. 
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90 per cent ethanol and 10 ml. are subjected to the sodium sulfate-alumina 
treatment. 1 ml. of this solution is transferred to a second cuvette to 
serve as a standard. 1 ml. of 90 per cent ethanol is added to a third cu- 
vette to serve as a blank for the standard. 0.1 ml. of concentrated hydro- 
chloric acid and 2 ml. of 2,4-dinitrophenylhydrazine reagent are added to 
each of the three cuvettes. A blank for the unknown filtrate is prepared 
by adding 0.1 ml. of concentrated hydrochloric acid to 1 ml. of the above 
supernatant fluid in another cuvette. All tubes are incubated for 2 hours 
in a water bath at 37°. At the end of this time 2 ml. of alcoholic 2 ,4-di- 
nitrophenylhydrazine reagent are added to the unknown blank and this is 
followed immediately by the addition of 1 ml. of concentrated ammonium 
hydroxide. 1 ml. of concentrated ammonium hydroxide is then added to 
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Fig. 1. Absorption curve of the color obtained with menadione by the procedure 
described. 


each of the other three cuvettes. All tubes are diluted to 10 ml. with ab- 
solute ethanol and read in a colorimeter at 635 mu. 

The absorption curve for the color formed is shown in Fig. 1. The op- 
tical density of this color follows Beer’s law when concentrations of mena- 
dione up to 0.4 umole per ml. are used. Fisher’s adsorption alumina is 
used to remove interfering substances. Urine contains a considerable 
amount of the latter. 

Extraction Method for Urine—The useful sensitivity of this method, 
when working with urine, may be extended by diluting 5 ml. of urine to 
50 ml. with water and extracting with 100 ml. of ether. The urine is 
diluted with water to prevent emulsification during extraction. After 
washing the ether twice with equal volumes of water, it is carefully evapo- 
rated (the vitamin is somewhat volatile) and the residue is taken up in 
absolute ethanol. The final volume should be 10 ml. 5 gm. of anhydrous 
alumina are added, and the mixture is shaken, then centrifuged. 1 ml. of 
the supernatant fluid is analyzed by the 2 ,4-dinitrophenylhydrazine pro- 
cedure as outlined above. 
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Recoveries of added menadione from human and rat urine are shown in 
Table I. 


Column Chromatography of 2,4-Dinitrophenylhydrazine Derivatives 
of Quinones 


A 2,4-dinitrophenylhydrazine reagent, suitable for identification, is 
made up by saturating 100 ml. of approximately 6 N hydrochloric acid 
with 2 ,4-dinitrophenylhydrazine and filtering. 


TABLE I 


Recoveries of Menadione Added to Urine 











Urine source Amount added, y per ml. Recovered Per cent recovered 
ne | eae . 2 ee ee 
ER ar | 10 | 10.6 106 
a aed erawaginn’ 10 10.8 108 
eet rea its RT ene” 10 9.9 99 
ae Re ree 10 9 90 
Ray ads. s62 eek see 10 10 100 
By Ret ak einen Beaomeeane 20 20 100 
ne ee ere 20 | 20 100 
Se haem | 20 | 19.6 98 
la hg TIN PANE Cond ne 3 2 ine 20 19.5 97.5 
B) Si whe waaen ated 20 18.4 92 
Fh Vig hike n ee ck wie 20 21 105 
:, Pe ene 40 | 40 100 
a rs i ci Sa cil 10 | ul 110 
by ere rts 20 19.9 99.5 
ati eR acne eets ee 40 | 40 100 
ate ose Mais iteutavet 40 | 40 | 100 
Pry eet ek wastes 40 | 


38 | 95 


To 1 ml. of the unknown solution containing 0.1 to 10 y of the compound 
made up in 90 per cent ethanol is added 0.2 ml. of the 2 ,4-dinitrophenyl- 
hydrazine reagent. The quinone is allowed to react as completely as pos- 
sible. This may take as long as 1 or 2 days at room temperature with 
some of the less reactive compounds. After a suitable time, the reaction 
mixture is made alkaline by the addition of 1 ml. of concentrated am- 
monium hydroxide and gently evaporated to dryness. If desired, the 
solution read in the tube in the quantitative procedure for menadione, de- 
scribed above, may be used. It can be evaporated to dryness and subse- 
quently treated in the same manner. Either mixture is then purified by 
column chromatography in preparation for paper chromatography. How- 
ever, in some cases it might be desirable to avoid heating the compound 
with alkali in order to lessen the possibility of alteration of a substituent. 











566 DETERMINATION OF MENADIONE 


This is true for the derivative of vitamin K,, which will give rise to a new 
compound with a greater R, if exposed to such treatment. In such a case 
an extraction of the acid reaction mixture with ligroin or ether will generally 
accomplish the results desired. Water is added and the ligroin or ether 
layer is collected and evaporated. The residue is taken up in the acetone- 
ligroin mixture as described below. 

A small chromatographic tube is packed with Fisher’s adsorption alumina 
(80 to 200 mesh) and washed with acetone-ligroin mixture. The same 
solvent mixture containing the 2,4-dinitrophenylhydrazine derivative of 
the quinone is then placed on the column and washed with more acetone- 
ligroin mixture. It will be noted that during this time the excess 2 ,4-di- 
nitrophenylhydrazine continues down the column, while the quinone 
derivative, easily recognizable as a violet or blue band, is held quite firmly. 
The p-benzoquinones generally appear red-violet, while naphthoquinones 
and anthraquinones form blue bands. The band is then eluted by means 
of an acetone-water mixture. The proportions may be altered to give best 
results with the particular compound under investigation. 100 parts of 
acetone to 2 parts of water, by volume, will be satisfactory for elution in 
most cases. This mixture was the eluting solvent used in these investiga- 
tions, except in the case of the anthraquinone-sulfonic acid derivative in 
which a 5:1 mixture of acetone to water was used. The latter derivative 
is difficult to elute, a broad band being obtained. 6-Naphthoquinone-4- 
sulfonic acid does not give a blue color on the column, although it can be 
chromatographed on paper. The other compounds investigated gave good 
results. Although mixtures can be separated on the column, they are 
usually eluted together and separated on paper. The fact that acetone is 
allowed to contact these derivatives for a short period of time does not 
seem to do any harm. The melting point of the 2 ,4-dinitrophenylhydra- 
zine derivative of 1,4-naphthoquinone (278.5°) is the same whether the 
derivative is recrystallized five times from ethanol or purified by one 
passage over the column. This melting point is in agreement with that 
given by Shriner and Fuson (7). 

Identification by Paper Chromatography—Whatman No. 2 filter paper is 
used. The solution collected from the alumina column is placed on the 
paper with a fine capillary pipette so that a small spot is obtained. The 
paper is then placed in a sealed jar containing c.p. concentrated ammonium 
hydroxide as a solvent. The solvent is allowed to run up the paper to 
produce an ascending chromatogram. For most purposes the solvent need 
travel only 4 to 5 inches. The compounds are placed 1.5 inches from the 
starting point of the solvent. No equilibration is necessary. Other 
solvent systems such as acetone-ammonium hydroxide or alcohol- 
ammonium hydroxide have advantages for specific cases. Generally, the 
more a quinone is substituted with aliphatic side chains, the slower it will 











mig 
hy¢ 
allc 
fat 
gro 
sys 
adc 


con 
ser 
rise 
are 
the 


creé 
stal 
can 
and 


All 


aml 


2-m 
The 
picl 
pre] 
talli 
wit] 
It n 
of t 
bee: 








W. J. CANADY AND J. H. ROE 567 


migrate in the aqueous solvent. In the case of the 2,4-dinitrophenyl- 
hydrazine derivative of vitamin K,, the 20-carbon side chain does not 
allow it to move in the ammonium hydroxide system unless a quantity of 
fat solvent, such as acetone, is added. A compound containing an acid 
group, such as sulfonic acid, generally travels faster in the alkaline aqueous 
system than the corresponding unsubstituted quinone and is slowed by the 
addition of an organic solvent like acetone. However, concentrated am- 
monium hydroxide is satisfactory for the separation of the majority of the 
compounds tested. Since there is alkali present, the compounds are ob- 
served on paper as purple or blue spots. Usually p-benzoquinones give 
rise to a purple color, while naphthoquinone and anthraquinone derivatives 
are blue. The spots must be marked as soon as the paper is removed from 
the jar, since they rapidly disappear as the ammonia concentration de- 


TABLE II 
Paper Chromatography of 2,4-Dinitrophenylhydrazine Derivatives of Some Quinones 
The solvent used was concentrated ammonium hydroxide at 25°. 





Original compound Rr 





ee NN ose seats wranereie Sabo wren, erw ro mie meveveinc 
Menadione (2-methyl-1,4-naphthoquinone)............... 
2-Methy1-3-bromo-1,4-naphthoquinone 
hgek SID. 5 oss ct naa e espa ws chenasidicnless 
1,2-Naphthoquinone-3-sulfonie acid. .................... 
p-Toluquinone 


0.35 
streaks 
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creases. Such a system containing ammonia presents some difficulty in 
standardization, but it has been found that with care good reproducibility 
can be obtained, provided the same batch of ammonium hydroxide, paper, 
and jar are used each time. A sealed jar is essential. 

Table II illustrates the results obtained with paper chromatography. 
All experiments were carried out at 25° with Baker’s ¢c.p. concentrated 
ammonium hydroxide. 

It will be noted in Table II that two components were obtained from 
2-methyl-3-bromo-1 ,4-naphthoquinone and from 1,2-naphthoquinone. 
The method is so sensitive that very small quantities of impurities can be 
picked up. In the former case, the 2-methyl-3-bromo-1 ,4-naphthoquinone 
prepared from menadione by the method of Adams et al. (8) was recrys- 
tallized repeatedly from ethanol and the melting point was in agreement 
with that obtained by the authors. Two components were still produced. 
It might be argued that, since the Rr of one component is very close to that 
of the derivative of menadione, some of the starting material may have 
been present. This would seem to be ruled out by the fact that a good 











568 DETERMINATION OF MENADIONE 


melting point was achieved. Judging roughly from the intensities of the 
spots, it does not appear that one is an impurity. The possibility of iso- 
merism must be considered, since 2 ,4-dinitrophenylhydrazine could couple 
adjacent to the bromine atom or the methyl group. In the case of 1,2- 
naphthoquinone, the same situation may exist, since the quinoid oxygen 
atoms are not equivalent as in 1 ,4-naphthoquinone. This phenomenon has 
not been observed with quinones substituted only with alkyl groups. 


Recovery from Urine of Parenterally Administered Menadione 


1 ml. of corn oil containing 1 mg. of menadione was injected into each of 
five female rats weighing 220 to 255 gm. The animals had been fasted 
for 24 hours previously and received only water throughout the experiment. 


TABLE III 
Recovery from Rat Urine of Injected Menadione 
The amount injected was 1 mg. in each rat. 





| Amount recovered from 24 hr. sample after hydrolysis 








Rat No. | os a a ee i Pa tas nt SRL Monies : : paps 
| With HCI | With HCl + SnClz | Wo north ee + 
mg. a | meg. mg. wi 
1 0.510 0.540 0.463 
2 0.510 0.510 0.451 
3 0.551 | 0.500 0.510 
4 0.560 0.531 0.482 
5 0.503 0.546 0.499 








Each animal was placed in an individual metabolism cage and the urine 
was collected at 24, 48, and 72 hour intervals. At the end of each interval 
the urine samples were treated in four different ways as follows: (1) No 
hydrolytic, reductive, or oxidative pretreatment of urine. The result 
would be expected to yield the free menadione excreted. (2) Hydrolysis 
with hydrochloric acid according to Richert (9). (3) Hydrolysis with 
hydrochloric acid containing stannous chloride. (4) Hydrolysis of urine 
with oxidative reagents present. Ceric sulfate and glacial acetic acid were 
used. The procedure followed was essentially that of Richert (10). 

The results of the assays for menadione in the urine are shown in Table 
III. Free menadione was not found in any of the urines in appreciable 
quantities. 


DISCUSSION 


The methods described offer simplicity and great sensitivity. The prac- 
tical range is from 0.05 to 0.4 umole of menadione per ml. of solution. The 
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procedures also offer the real convenience of identification by paper chro- 
matography in which one makes use of the colored substance first read 
in the colorimeter. Thus, in one series of operations, a quantitative de- 
termination can be made and the identity of the compound giving rise to 
the color can be ascertained with accuracy and reliability. No spray re- 
agents or color development of the spots is necessary. The blue color 
formed is continuously under observation during the chromatography. 

The results of the excretion studies (Table III) agree with those of pre- 
vious workers in so far as the magnitudes of the amounts recovered are 
concerned. Li et al. (11) reported that, when menadione was administered 
parenterally to rats, 13 to 20 per cent was excreted in the urine, of which a 
part appeared to be a 8-glycuronide. Richert (10) obtained a 31 to 34 
per cent recovery of parenterally administered menadione from rabbit urine 
and stated that 30 per cent more could be recovered with ceric sulfate 
hydrolysis. In the experiments described in this paper, greater recovery 
was not obtained by means of ceric sulfate hydrolysis of the urine. The 
fact that Richert used rabbits, rather than rats, for his experiments might 
well explain the greater recovery obtained. 

The observation that very little administered menadione is excreted in 
the second and third 24 hour periods after administration is in agreement 
with the results obtained by Solvonuk e¢ al. (12). The latter authors re- 
covered about 30 per cent of the menadione given, the major part of which 
was excreted within 3 hours after administration. No free menadione was 
found. This is in agreement with Richert’s finding that previous hydroly- 
sis of the urine is necessary before assay of menadione (10). In their 
experiments, Solvonuk e¢ al. (12) used menadione labeled in the methyl 
group with C". 


SUMMARY 


1. A method for the determination of menadione in biological materials 
has been developed. The color used in this procedure has been made the 
basis of methods for the identification of quinones by column and paper 
chromatography. 

2. The reproducibility, specificity, and precision of the described methods 
are excellent. 

3. Recovery experiments with menadione injected intraperitoneally into 
rats have been conducted. A little over 50 per cent was recovered from the 


urine during the first 24 hour period. After 24 hours very little was found 
in the urine. 


Appreciation is expressed to Merck and Company for contributions of 
vitamin K,. 
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STUDIES ON THE REACTION OF MENADIONE WITH 
BLOOD AND DENATURED PROTEINS* 
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(From the Department of Biochemistry, School of Medicine, 
George Washington University, Washington, D. C.) 


(Received for publication, October 5, 1955) 


When menadione is added to blood it rapidly disappears. The phe- 
nomenon has been observed quite often (1-3). Previous work indicated 
that, when menadione reacts with blood, biological activity is lost. Since 
it is well known that menadione can react with free sulfhydryl compounds 
at the number 3 position (4), it was considered possible that the vitamin 
might react with sulfhydryl groups of the protein and that a simple way of 
investigating this possibility would be to add some sulfhydryl-blocking re- 
agents and ascertain their effects on the rate of uptake of menadione by 
blood. 

The reaction of menadione with blood is very rapid at room temperature. 
To slow the reaction, in order that reasonably accurate initial rates could 
be obtained, it was necessary to dilute the whole blood to 4 times its origi- 
nal volume with 0.15 m Sorensen’s phosphate buffer, pH 7.38 (5). 0.5 ml. 
of this solution was added to graduated centrifuge tubes. Then 0.4 ml. of 
a solution containing 200 umoles of iodoacetic acid, dissolved in the same 
buffer, was added. After standing at room temperature for 10 minutes, 
the tubes were placed in an ice water bath at 0° until they had reached the 
latter temperature. Controls were made up in the same way, except that 
0.4 ml. of buffer was added instead of inhibitor, and placed in the ice bath. 
0.1 ml. of ethanol containing 0.5 wmole of menadione was added with mix- 
ing. At intervals of 2, 4, 6, 8, and 15 minutes, tubes were removed from 
the bath and, after the contents were brought to a volume of 10 ml. with 
absolute ethanol and mixed, centrifuged. 1 ml. of the supernatant fluid 
was then assayed for menadione by the dinitrophenylhydrazine method (6). 
The iodoacetic acid completely prevented the uptake of menadione by the 
diluted blood, and the control sample, with no inhibitor added, reacted 
with the menadione at an easily measurable rate (1.83 X 10-* mole per 
liter per second). 

A similar experiment was performed with the addition of 200 umoles of 

* The data of this paper were taken from a dissertation submitted by William J. 


Canady in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy, George Washington University, Washington, D. C. 
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mercuric chloride instead of iodoacetic acid. Almost complete inhibition 
of the reaction was noted in this case also. 


Reaction of Denatured Egg White Protein with Menadione 


It was found by Mirsky and Anson (7, 8) that denaturation of albumin 
results in the liberation of free sulfhydryl groups. Although native egg 
white will not react with menadione, it was considered possible that reac- 
tion might be induced by denaturation of the egg white. 4 gm. of fresh 
egg white were made up to 36 gm. of solution with m/15 phosphate buffer. 
0.5 ml. aliquots of this solution were pipetted into calibrated centrifuge 
tubes and the tubes were placed in a boiling bath for 30 seconds. After 
cooling to room temperature, 0.4 ml. of phosphate buffer containing 200 
umoles of iodoacetic acid was added and the mixtures were allowed to stand 
for 15 minutes at room temperature. Controls were made up in the same 
way except that 0.4 ml. of buffer was added instead of the buffer solution 
containing inhibitor. All tubes were allowed to equilibrate in an ice water 
bath at 0°. 0.1 ml. of ethanol containing 0.5 umole of menadione was 
added to each tube. A tube was taken from the bath at 1, 2, 4, 6, 8, and 
10 minutes after zero time. The reaction was stopped immediately by 
bringing the volume to 10 ml. with cold acid-ethanol mixture (95 parts of 
ethanol to 5 parts of concentrated hydrochloric acid by volume). After 
centrifugation, 1 ml. of the supernatant fluid was analyzed by the 2 ,4-di- 
nitrophenylhydrazine method (6). The results were similar to those ob- 
tained with blood. There was complete inhibition of the reaction in the 
tubes containing iodoacetic acid, while in the control sample the reaction 
rate was 7.5 X 10-® mole per liter per second. 

In addition, the denatured protein solution in one group of tubes was 
subjected to oxidation by means of 0.2 ml. of 30 per cent hydrogen perox- 
ide solution. The protein was precipitated and washed twice with 10 ml. 
of absolute ethanol to remove the excess peroxide and resuspended in the 
same volume of buffer. No uptake was observed upon the addition of 
menadione. The control protein, which was treated in the same way ex- 
cept that no peroxide was added, combined with the vitamin at a rate about 
equal to that of the controls in the preceding experiments. 

A final set of experiments along these lines was performed with cysteine. 
To calibrated centrifuge tubes were added 0.8 ml. of phosphate buffer and 
0.1 ml. of a buffered solution containing 100 umoles of cysteine plus 0.1 ml. 
of a solution containing 200 wmoles of iodoacetic acid or 200 umoles of 
mercuric chloride. Controls differed only in that 0.1 ml. of buffer was 
added instead of inhibitor. The reaction was run at 0°. The results ob- 
tained were analogous to those of the experiments with blood and de- 
natured egg white. In the control tubes the cysteine rapidly combined 
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with the menadione, the reaction rate being 3.3 X 10-° mole per liter per 
second, while the reaction rates in the presence of the two inhibitors were 
approximately zero. 

Thus it was found that such reagents as iodoacetic acid and mercuric 
chloride, which are known to block sulfhydryl groups, inhibit the reaction 
of menadione with blood, denatured protein, and cysteine; in addition, the 
group, or groups, in the protein molecule responsible for this reaction is 
susceptible to oxidation by hydrogen peroxide. 

Since menadione reacts with protein, it was considered possible that 
there might be other amino acids than cysteine with which it could react. 
It was, therefore, attempted to react twenty-two amino acids with mena- 
dione under the same conditions as those stated for cysteine, except that 
the experiments were run at room temperature (22°) instead of at 0° for 1 
hour. In no case was an uptake of menadione obtained. Cysteine ap- 
pears to be the only common amino acid capable of reacting with mena- 
dione under the conditions used. These experiments indicate that mena- 
dione either reacts directly with sulfhydryl groups or that sulfhydryl groups 
are necessary for the reaction to take place. 


Recovery of Menadione from Protein and Blood 


It was felt that a method for the estimation of menadione bound to pro- 
tein or blood would offer advantages; hence attempts were made by means 
of a number of procedures to free the quinone from the bound form in the 
protein or blood complex. Of the methods tried, only four met with any 
measure of success. They were hydrolysis with sodium hydroxide, oxi- 
dation with ceric sulfate in glacial acetic acid, reductive hydrolysis with 
hydriodic acid and acetic acid, and reductive hydrolysis with hydrochloric 
acid and stannous chloride. 

Hydrolysis with Sodium Hydroxide—It was noted by Scudi and Buhs (1) 
that menadione reacted with blood plasma. It was also observed by the 
same authors that in using plasma, which had been treated with mena- 
dione, subsequent treatment with sodium hydroxide resulted in the for- 
mation of a red color which they surmised to be due to the sodium salt of 
phthiocol (2-hydroxy-3-methyl-1 ,4-naphthoquinone). Since we observed 
that the red color produced by phthiocol in an alkaline medium follows 
Beer’s law, protein which had combined with menadione was subjected to 
hydrolysis by sodium hydroxide and an attempt was made to determine 
the bound menadione as phthiocol. 

2 gm. of fresh egg white were made up to 18 gm. of solution with phos- 
phate buffer solution, pH 7.38. 0.5 ml. was pipetted into each of a series 
of centrifuge tubes and the tubes were placed in a boiling water bath for 30 
seconds. 0.1 ml. of ethanol containing 0.5 umole of menadione was added 
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and the mixtures were allowed to stand at room temperature for 20 min- 
utes. One set of tubes was treated with 1 ml. of 50 per cent sodium hy- 
droxide, along with a control set that had not been treated with menadione 
and would serve as a blank. The protein was precipitated with absolute 
ethanol and centrifuged, and the supernatant fluids were analyzed for free 
menadione in the usual manner. The red color produced by the alkali 
treatment of the protein-menadione complex was read in the Evelyn 
colorimeter at 520 my against a phthiocol standard treated similarly. The 
results of three such experiments, each done in triplicate, are summarized 
in Table I. The average recovery obtained under these conditions was 
roughly 10 per cent. This approach as a quantitative procedure was 
therefore abandoned. 


TaBLeE I 


Recovery of Menadione from Denatured Egg White Complex 
by Treatment with Sodium Hydroxide 


0.5 umole of menadione added in each experiment. 











Amount recovered from supernatant fluid as menadione} Amount recovered from protein as phthiocol 
umole umole 
0.291 0.052 
0.285 0.0515 
0.290 0.0557 








Even though the alkaline hydrolysis seemed to offer little promise for 
quantitative investigation, the identity of the red-colored compound was 
still of interest. Paper chromatography and absorption spectra were em- 
ployed to make the identification. The Rr values of the product obtained 
by alkaline hydrolysis in five different solvent systems are shown in Table 
II. They indicate that this product probably is phthiocol. 

Some material obtained from the protein complex was dissolved in 10 
ml. of water to which had been added 0.1 ml. of 50 per cent sodium hy- 
droxide. An authentic sample of phthiocol was diluted with the same 
fluid until identical readings were obtained at 520 mu. The two solutions 
were then compared over the visible range by means of a Beckman model 
B spectrophotometer. The curves are superimposable as can be seen from 
Fig. 1. The evidence indicates that the product obtained from the protein 
complex is probably phthiocol. 

Hydrolysis of Protein Complex by Means of Ceric Sulfate—The procedure 
used was essentially that of Richert (9) for hydrolysis of conjugates found 
in urine. 2 gm. of fresh egg white were made up to 18 gm. of solution with 
phosphate buffer solution. 0.5 ml. was pipetted into each of a series of 





centi 
cooli 
mens 


1 par 
1 “ 
met 
1 par 
ton 
1 par 
coh 
1 par 
pro 





alkal 
displ 


at r 
brin 
cent 
fron 





W. J. CANADY AND J. H. ROE 575 


centrifuge tubes and the tubes were heated at 100° for 30 seconds. After 
cooling to room temperature, 0.1 ml. of ethanol, containing 0.5 umole of 
menadione, was added to each tube and the mixtures were allowed to stand 


TABLE II 


Paper Chromatography of Red Material from Alkaline Cleavage 
of Egg Albumin-Menadione Complex 



































| | Rr 
Solvent ——- Substance 
Phthiocol | tained 
protein 
co ; “ 4 
1 part concentrated NH,OH, 9 parts water.......... 25 0.65 0.65 
1 “ “ “ 8 “ “ 1 part 
co eG een 26 | «(0.75 0.75 
1 part concentrated NH,OH, 8 parts water, 1 part ace- 
RR SS eeee bart Sey ue) Page Team eeagh ee 27 | 0.82 0.82 
1 part concentrated NH,OH, 8 parts water, 1 part al- 
_, BeOS See Sia Carey 3." 5 ee ng er oe 25 | 0.71 0.71 
1 part concentrated NH,OH, 8 parts water, 1 part 
IE a siicabitars is sachr Sins cornea 6 SF MIA Se Gaeate ae eae 26 | 0.73 0.73 
0.2 
0.18 
~ 0.16 
= 0.14 
z 0.12 
a 0.10 
=) 
=z won Ol 
© 0.06 
a. 0.04 
0.02 x 
Pp 
400 500 600 700 


WAVE LENGTH IN MILLIMICRONS 
Fig. 1. Absorption spectra of phthiocol (P) and the unknown (X) obtained by 
alkali cleavage cf the menadione-protein complex. The curve of the unknown is 
displaced upward to facilitate reading. 


at room temperature for 30 minutes. The protein was precipitated by 
bringing the volume to 10 ml. with absolute ethanol and the tubes were 
centrifuged. The supernatant fluids were analyzed, and it was calculated 
from the disappearance of free menadione that the protein complex should 
contain 0.178 umole of bound menadione in each tube. 
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The protein precipitate was dissolved in 8 ml. of glacial acetic acid and 
4 ml. of 0.1 m ceric sulfate in N sulfuric acid were added. The tubes were 
heated at 60° for 1 hour. They were then cooled to room temperature, 
diluted to 50 ml. with water, and extracted with 100 ml. of ether. The 
ether was washed four times with equal volumes of water and evaporated. 
The residue was taken up in 5 ml. of ethanol and 0.5 ml. of concentrated 
hydrochloric acid was added, plus 10 ml. of the 2 ,4-dinitrophenylhydrazine 
reagent. After incubation at 37° for 4 hours, the contents were made 
alkaline by the addition of 1 ml. of concentrated ammonium hydroxide and 
the mixture was gently evaporated to dryness. The residue was rapidly 
extracted with acetone and this solution was poured on an alumina column, 
which had been previously washed through with acetone. A blue band 


TaBLeE III 


Paper Chromatography of 2,4-Dinitrophenylhydrazine Derivative of Quinone 
Obtained from Ceric Sulfate Hydrolysis of Denatured Egg 
White-Menadione Complex 




















| Rr 
Solvent Temperature Derivative Derivative of 
| of unknown from 
| menadione protein 
=| | 
Concentrated NH,OH...................... 30 | 0.41 | 0.27 
85 parts concentrated NH,OH, 15 parts | 
I Be arctiee Saxninordce HE Wrap oc Stems Ak 31 | 0.66 | 0.49 





was observed. The column was washed with a few ml. of acetone to elute 
the excess reagent and other colored compounds, and then the blue band 
was eluted with a mixture of acetone and water (50 parts of acetone to 2 
parts of water by volume). The solvent was evaporated and the compound 
was dissolved in a little acetone and spotted on Whatman No. 2 filter 
paper. As can be seen from the Ry values in Table III, the hydrazone 
obtained from the quinone derived from the protein was not that of mena- 
dione. The compound was not identified, and, since the yield was very 
low, this method was abandoned. 

Hydrolysis by Means of Hydriodic Acid—| ml. of denatured egg white 
solution was placed in each of six calibrated centrifuge tubes. 0.1 ml. of 
ethanol containing 0.5 wmole of menadione was added to each tube. The 
mixture was allowed to react at 37° for 30 minutes. The protein in three 
tubes was precipitated by bringing the volume to 10 ml. with the acid- 
ethanol mixture described earlier, and 1 ml. of each supernatant fluid was 
tested for free menadione by the 2 ,4-dinitrophenylhydrazine method. No 
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free menadione could be demonstrated. The other tubes were used for 
the hydriodic acid experiment, the assumption being made that all free 
menadione had disappeared in these tubes also. This technique has the 
advantage that there is no alcohol precipitation of the protein and hence 
no possibility of loss of bound menadione at this stage. 2 ml. of glacial 
acetic acid were added to each tube plus 2 ml. of 57 per cent hydriodic acid. 
The tubes were boiled at 100° for 1 hour, then diluted to 25 ml. with water 
and extracted twice with equal volumes of ether. The ether extracts were 
combined and the resulting mixture was washed with twice its volume of 
water. The washed ether was gently evaporated to dryness, the residue 
was taken up in 10 ml. of absolute ethanol, and the determination of mena- 
dione was made with 1 ml. of this solution. Recoveries were low as can 
be seen in Table IV. However, the results were sufficiently encouraging 


TaBLe IV 


Recoveries of Menadione from Denatured Egg White-Menadione Complex Obtained 
by Boiling with Hydriodic Acid in Glacial Acetic Acid 
Menadione as protein complex, 0.5 umole. 














Menadione Per cent 
Conditions recovered from recovered from 
protein complex protein complex 
umole 
Reems Ob FON" for 2 OR... «6 oii ick cic sacv ces Trace Trace 
130-140° for 4 hrs. under pressure................. 0.250 50 
130-140° “4 * y EE ere ee 0.180 36 
I NE 0 chia. ccsds ots kvieteanagass cae doen s 0.225 | 45 





to warrant further investigation. The experiment was repeated in the 
same way, except that the reactions were carried out in sealed tubes at 
130-140° for 4 hours. As can be seen in Table IV, the recoveries ranged 
from 36 to 50 per cent. 

One more hydrolysis experiment was performed with hydriodic acid. 
The protein-menadione complex was prepared as described above. 8 ml. 
of glacial acetic acid were added to each tube. This solution was then 
rinsed quantitatively into a small round bottom flask with 20 ml. of 57 
per cent hydriodic acid. The mixture was boiled under reflux for 12 hours. 
After cooling, it was diluted to 100 ml. with water, extracted with twice 
its volume of ether, and then gently evaporated. The residues were taken 
up in 10 ml. of absolute ethanol and 1 ml. of each solution was analyzed for 
menadione. Table IV shows that the recovery obtained was 45 per cent. 

Identification of Product Released from Complex by Hydriodic Acid— 
The solutions read in the colorimeter in the sealed tube experiments with 
hydriodic acid were combined and carefully evaporated to dryness, and 
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the residue was taken up in about 2 ml. of acetone. This solution, repre- 
senting three tubes, was poured on an alumina column, of the type de- 
scribed previously (6), which first had been washed through with ace- 
tone. After the excess reagent and most of the other impurities had passed 
through, the blue band was eluted with the acetone-water mixture men- 
tioned above. The solvent was evaporated and the residue was taken up 
in 2 ml. of ethanol to which 1 drop of concentrated ammonium hydroxide 
had been added. This solution was spotted on Whatman No. 2 filter 
paper and ascending chromatograms were obtained in the solvent systems 
shown in Table V. The Ry values of the hydrazone of the quinone iso- 


TABLE V 
Paper Chromatography of 2,4-Dinitrophenylhydrazine Derivative of Quinone 
Obtained from Denatured Egg White-Menadione Complex by 
Means of Hydriodic Acid 





| | ‘ie 














| | 
Solvent | “= ae Fepnereed 
| menadione pn oni 
pe 
eS | 22 | 0.29 0.29 
1 part propanol, 9 parts concentrated NH,OH....... 22 0.71 0.71 
1 “ methyl ethyl ketone, 9 parts concentrated 
BRE tre pA Di ab eld tn AE Sees aR Sree ear | 22 0.73 | 0.73 
1.5 parts alcohol, 8.5 parts concentrated NH,OH....) 24 | 0.64 0.64 
15 “ acetone,8.5 “ . = asl oo | Oa 0.79 


| | 





lated from the hydrolysis mixture and of the hydrazone prepared from an 
authentic sample of menadione were identical in all cases. 

The 2,4-dinitrophenylhydrazine derivative was isolated from the reac- 
tion as described earlier (6). The solvent was evaporated and the residue 
was taken up in a solution made by adding 5 ml. of concentrated am- 
monium hydroxide to 50 ml. of absolute ethanol. This solution gave an 
optical density reading of 0.125 at 630 my in the Beckman model B spec- 
trophotometer. A small quantity of the hydrazone prepared from an au- 
thentic sample of menadione was diluted with the same fluid until the 
optical density reading at 630 my was also 0.125. The spectra of the two 
compounds were then compared over the visible range. Fig. 2 shows 
that the spectra are superimposable. The evidence presented indicates 
very strongly that the hydrazone of the quinone isolated from the hydri- 
odic acid reaction mixture is that of menadione. 

Measurement of Menadione Bound to Blood by Means of Hydrolysis with 
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Hydrochloric Acid and Stannous Chloride—1 ml. of blood was placed in a 
Leiboff urea pressure tube and 0.1 ml. of ethanol containing 0.5 umole of 
menadione was added. The mixture was allowed to react at 37° for 30 
minutes. The same procedure was carried out on a control sample of 
blood placed in a centrifuge tube. At the end of the incubation period, 
an ethanol filtrate was made of the control mixture and the filtrate was 
analyzed for menadione to be sure that all of the menadione had combined 
with protein. No free menadione was found. 6 gm. of stannous chloride 
were suspended in 10 ml. of water and the mixture was added to the mena- 
dione-blood complex in the pressure tube. This was followed by 20 ml. 
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Fig. 2. Absorption spectra of the 2,4-dinitrophenylhydrazine derivatives of mena- 
dione (M) and the quinone (X) obtained by hydriodic acid cleavage of denatured 
protein-menadione complex. The curve of the unknown is displaced upward 0.025 
optical density unit to facilitate reading. 


of concentrated hydrochloric acid. A similar pressure tube containing 0.5 
umole of menadione was prepared for a standard. The procedure for pre- 
paring the standard was identical to that for the blood sample except that 
the alcoholic menadione solution was added to 1 ml. of water rather than 
to 1 ml. of blood. Both pressure tubes were heated in an oil bath at 140° 
for 30 minutes. After cooling, the tubes were opened and the contents of 
each were poured into a separatory funnel. Each tube was rinsed with 50 
ml. of water and the washings were added to the separatory funnel. 30 
gm. of ferric chloride in 100 ml. of water were added; the mixture was al- 
lowed to stand for 10 minutes and then extracted with twice its volume of 
ether. The ether layer was washed three times with equal volumes of 
water and gently evaporated to dryness. After evaporation to dryness, 
the residue was taken up in 10 ml. of ethanol and 5 gm. of Fisher’s adsorp- 
tion alumina (80 to 200 mesh) were added. After centrifugation 1 ml. of 
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this solution was used in the 2,4-dinitrophenylhydrazine method for the 
determination of menadione. 


TaBLe VI 

Paper Chromatography of 2,4-Dinitrophenylhydrazine Derivative of Quinone 
Obtained from Blood-Menadione Complex by Means of Hydrolysis 

with Hydrochloric Acid and Stannous Chloride 
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Fig. 3. Absorption spectra of the 2,4-dinitrophenylhydrazine derivatives of mena- 
dione (M) and the quinone (X) obtained by cleavage of the blood-menadione complex 
by stannous chloride and hydrochloric acid. The curve of the unknown is displaced 
upward 0.05 optical density unit to facilitate reading. 


The recoveries of menadione obtained by this procedure ranged from 
88.5 to 92.8 per cent of the menadione originally added to the blood. 
They are expressed in micromoles and per cent, respectively, as follows: 
0.460 and 92.0, 0.465 and 92.5, 0.442 and 88.5, 0.446 and 89.5, 0.464 and 
92.8. It is essential that a standard be subjected to the same process, 
otherwise low recoveries will be obtained. Apparently some menadione 
disappears when treated in this way, but it would appear that it might be 
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an equilibrium process since solutions containing various concentrations 
of menadione subjected to the procedure follow Beer’s law. 

Identification of Quinone Obtained by Cleavage of Blood-Menadione Com- 
plex by Means of Stannous Chloride and Hydrochloric Acid—The contents 
of four tubes read in the colorimeter above were pooled and cautiously 
evaporated to dryness. The residue was treated in the same way as the 
samples obtained from the hydriodic acid cleavage described previously. 
Paper chromatograms were run in the same solvent systems and the spectra 
were compared in the Beckman model B spectrophotometer. As can be 
seen in Table VI and Fig. 3, the Rr values and the spectrum of the un- 
known were identical to those of the 2 ,4-dinitrophenylhydrazone of mena- 
dione. This is good evidence that the hydrazone dealt with is that of 
menadione. 


DISCUSSION 


The relation of sulfhydryl groups to the reaction of menadione with 
blood and protein has been postulated by Fieser (4). The evidence pre- 
sented in this paper clearly indicates that sulfhydryl groups are involved 
in this reaction. Menadione may react directly with su!fhydryl com- 
pounds, or sulfhydryl groups may be necessary to bring about some other 
reaction. Fieser (4) felt that there might be a direct coupling in the num- 
ber 3 position of menadione, forming a thio ether. His assumption was 
based on the reaction of menadione with thioglycolic acid which yields 
this type of compound. 

The methods used for the measurement of menadione bound to blood 
or protein present obvious advantages. The stannous chloride-hydro- 
chloric acid method of cleavage appears to be the best procedure of those 
investigated. The fact that standards must be subjected to the same pro- 
cedure gives rise to some uneasiness and indicates that further development 
and improvement are desirable, even though it is possible to estimate, with 
reasonable accuracy, the amount of menadione bound to blood or protein. 


SUMMARY 


1. Evidence has been presented showing that menadione, in combining 
with blood and protein, either combines directly with sulfhydryl groups 
or requires the presence of such groups for the reaction. 

2. Methods have been developed for the measurement of menadione 


added to blood or protein which account for 88 to 92 per cent of the amount 
added. 
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In currently used methods for the determination of glycogen, tissue is 
extracted either by boiling with 30 per cent potassium hydroxide solution 
(KOH) or by homogenization with trichloroacetic acid solution (TCA). 
The glycogen is precipitated from the extract by alcohol and determined 
either by copper reduction after separation by centrifugation, acid hydroly- 
sis, and neutralization (1-3) or by direct treatment of the precipitated 
glycogen with anthrone reagent (4-6). An alternative procedure is to 
destroy alkali-labile carbohydrate by boiling with KOH and then deter- 
mine the glycogen in the alkali-treated mixture with anthrone reagent 
(5, 7). 

Previously, we have reported that a method based upon the use of an- 
throne reagent gave results of a high degree of specificity and precision (8). 
This method is a modification of procedures for the determination of dex- 
tran (9) and blood sugar (10). In this paper we are reporting in detail our 
anthrone-adapted method, with critical studies of procedures based upon 
extraction of tissues with 30 per cent KOH and with 5 per cent TCA. 


Method 


Reagents— 

1. Anthrone reagent. A solution containing 0.05 per cent anthrone, 1 
per cent thiourea, and 72 per cent by volume H.SQ, is used. For each 
liter of reagent, place in a suitable flask 280 ml. of distilled water and add 
cautiously 720 ml. of concentrated H.SO,, sp. gr. 1.84, of highest purity. 
Place in a flask 500 mg. of purified anthrone, 10 gm. of highest purity 
thiourea, and 1 liter of the 72 per cent H.SO,. Warm the mixture to 
80-90°, occasionally shaking the flask to mix the contents. Do not over- 
heat the mixture. Cool and store in a refrigerator. This reagent will 
keep for at least 2 weeks in a refrigerator. 

2. & per cent trichloroacetic acid. 

3. 95 per cent ethanol. 


* Supported in part by a grant from the Division of Research Grants and Fellow- 
ships, National Institutes of Health, United States Public Health Service. 
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4. Glucose standard. (a) Stock solution. Dissolve 100 mg. of dry, high- | 


est purity glucose in 100 ml. of saturated benzoic acid solution. (6) Work- 
ing standard. Place 5 ml. of the stock solution in a 100 ml. volumetric 
flask and make up to volume with saturated benzoic acid solution. 2 ml. 
of this solution, containing 0.1 mg. of glucose, are used as a standard. 
Procedure—Place the tissue sample in an efficient blendor under an ap- 
propriate volume of TCA and homogenize for 3 minutes. Pour the ho- 
mogenate into a suitable centrifuge tube or bottle. Centrifuge and decant 
the supernatant fluid upon an acid-washed filter paper placed in a funnel 
draining into a graduated cylinder. Transfer the residue quantitatively 
to the blendor with an appropriate volume of TCA and homogenize again 


for 1 minute. Centrifuge the mixture and pour the supernatant fluid | 
through the same filter. Two more extractions may be made in the same | 


manner if it is desired to extract better than 97 per cent of the glycogen 
present. Make up to the desired volume with 5 per cent TCA and mix 
thoroughly. The final volume should be a quantity that will contain 10 
to 200 y of glycogen per ml. 

1 ml. of the trichloroacetic acid filtrate is pipetted into a 15 ml. Pyrex 
centrifuge tube. To obtain the most reliable results, duplicate samples of 
each unknown are analyzed. To each tube are added 5 volumes of 95 per 
cent ethanol with careful blowing to effect thorough mixing. This should 
be checked by noting the absence of an interface. The tubes are capped 
with clean rubber stoppers and allowed to stand overnight at room tempera- 
ture. (Alternatively, placing the tubes in a water bath at 37-40° for 3 
hours may be carried out.) After precipitation is complete, the tubes are 
centrifuged at 3000 r.p.m. for 15 minutes. The clear liquid is gently de- 
canted from the packed glycogen and the tubes are allowed to drain in an 
inverted position for 10 minutes. 

The glycogen is dissolved by addition of 2 ml. of distilled water, the water 
being added in a manner that will wash down the sides of the tube. If the 
glycogen does not dissolve instantly, agitate the tube until solution is com- 
plete. A reagent blank is prepared by pipetting 2 ml. of water into a clean 
centrifuge tube. A standard is prepared by pipetting 2 ml. of standard 
glucose solution, containing 0.1 mg. of glucose, into a similar tube. 

At this point 10 ml. of anthrone reagent are delivered into each tube 
with vigorous, but consistent, blowing. The stream of anthrone reagent 
is directed into the center of the tube and should be sufficient to insure good 
mixing. As each tube receives anthrone reagent, it is tightly capped with 
an air condenser and placed in a cold tap water bath. The air condenser 
is prepared by cutting off the small end of a size 0 rubber stopper and in- 
serting a 4 inch length of glass tubing, 3 to 4 mm. in diameter. This 
serves to prevent water from entering the tube from the water bath. 
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After all tubes have reached the temperature of the cold water, they are 
immersed in a boiling water bath to a depth a little above the level of the 
liquid in the tubes for 15 minutes and then removed to a cold water bath 
and cooled to room temperature. The tubes and stoppers are wiped dry 
and the contents of each tube are transferred to a colorimeter tube and 
read at 620 my after adjusting the colorimeter with the reagent blank. 
Care is taken to avoid introduction of lint or contaminating carbohydrate 
into the anthrone reaction. 

Calculation—The calculation of glycogen is as follows: 

DU volume of extract 


— X 0.1 100 X 0.9 
DS " * gm. of tissue ” ” 





= mg. of glycogen per 100 gm. of tissue 


where DU = optical density of the unknown, DS = optical density of the 
standard, 0.1 = mg. of glucose in 2 ml. of standard solution, 0.9 = factor 
for converting glucose value to glycogen value. 

DISCUSSION 

Methods of Extraction—In applying anthrone reagent to the determina- 
tion of glycogen the main problem was the method of extraction. Good, 
Kramer, and Somogyi (2) concluded that the original Pfliiger procedure, 
which involves boiling the tissue in KOH solution, alcohol precipitation, 
acid hydrolysis of the precipitate, and copper reduction of the neutralized 
hydrolysate, is the only adequate method for the determination of glyco- 
gen. These authors introduced improvements into the Pfliiger procedure 
which speeded up the method considerably. 

Lower glycogen values have been found with acid extracts of tissues than 
with extracts obtained with boiling alkaline solution (2, 6, 11, 12). Such 
findings have led t® the suggestion that glycogen exists in tissues in an 
“easily extractable” or “free” form and a “difficultly extractable” or 
“fixed” form (6, 13). 

We made a comparative Study of the acid and alkali extraction methods 
applied to liver and muscle. Witteliver the procedure was to divide the 
organ, homogenize one half with 5 per cent TCA, and treat the other half 
with boiling 30 per cent KOH for 15 minutes. In experiments on muscle 
one gastrocnemius muscle was homogenized with 5 per cent TCA and the 
other was boiled with 30 per cent KOH. Glycogen was precipitated by 
adding 1.2 volumes of 95 per cent ethanol to the KOH solution and 5 vol- 


umes of ethanol to the TCA extract. The 1.2 volumes of ethanol were 


added because this concentration is employed in currently used methods 
(2, 3, 5) and higher concentrations have been found to precipitate non-gly- 
cogen carbohydrate (2, 3). For the precipitation from TCA solution 5 
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volumes of 95 per cent ethanol were found to be optimal. The glycogen 
was determined by the anthrone method described. 

The results with liver, shown in Table I, are related to the level of liver 
glycogen. At glycogen levels of 3 to 7 per cent the values by TCA extrac- 
tion were 94 to 102 per cent of those obtained by boiling the liver with 30 
per cent KOH. With fasted rats the values from homogenization with 5 
per cent TCA ranged from 7 to 48 per cent of those obtained by boiling 
with 30 per cent KOH. 


TaBLeE [I 


Comparison of TCA and KOH Methods of Extraction of Liver 
from Fed and Fasted Rats 











Mg. glycogen per 100 gm. liver 
Nutritional state ica xX 100 
TCA KOH Difference 

LIER Ek ee een era ee 2944 2980 36 99 
DF Macks stow niCen a enes sno 4360 4440 80 98 
PE hata ante Reacts ca lp hci o 57 se ik a aa 4330 4560 230 95 
Pe al a errs eae ny eg did SMe aOR 4000 4260 260 94 
Ne Sie ke tdas eine we eee 7162 6975 187 102 
eA cans SB techie Saas dra clase 9a STEN 3067 3233 166 95 
PT DeGe Wine ceed casgeseaeeece 3950 4025 75 98 
Be ee aera es darealses wer anew een 4980 5044 64 98 
DE iad 5.45 ies sk wed ace ben 101 210 109 48 
Ol og Ra Sie ey ak Oe kwnd weeoe 42 118 76 35 

ae. juithis CaGdh ae es ea San Aies 15 82 67 17 

ie ee A POR PCO Mee 103 652 549 16 

co TD ee es Mee a ee 20 147 127 13 

OP Up diedl., cece nae aheenennKes 138 987 849 15 

Bee Se cade ace, ils ec maior 8 107 99 8 

FD Na aran waar iy ain 21 307 286 7 

















Results of comparative studies upon muscle are shown in Table II. The 
values found by TCA extraction ranged from 92 to 96 per cent of those 
obtained by KOH extraction. 

Bloom, Lewis, Schumpert, and Shen (6) made a study of the amounts 
of glycogen obtained from liver and muscle by boiling with 30 per cent 
KOH and by homogenizing with 10 per cent TCA. These authors found 
that the amounts of TCA-extractable glycogen in the livers of fed rats, 
rats fasted for 12 hours, and rats fasted for 24 hours were 84.9, 56.4, and 
7.9 per cent, respectively, of the values obtained in each case by KOH 
extraction. The per cent of TCA-extractable glycogen in liver observed 
by these authors varied directly with the glycogen level. Our findings 
are in good agreement with the data of Bloom et al. However, we do not 
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agree with their assumption that the value obtained by KOH extraction 
represents the “‘total’’ and therefore the true glycogen content of the liver, 
since, as will be shown later, the KOH extract contains non-glycogen car- 
bohydrate. 

Bloom et al. (6) found that the TCA-extractable glycogen of muscle in 
normal fed rats was 55 per cent of that obtained by KOH extraction, a 
value that is considerably lower than the TCA recoveries we obtained 
(92 to 96 per cent). 

Kemp and Kits van Heijningen (12) developed a method for the determi- 
nation of glycogen in which the TCA homogenate of tissue is warmed at 
100° for 15 minutes. These authors found that extracts prepared with 
boiling TCA gave values for rat muscle that ranged from 89 to 111 per 
cent of those obtained by the Pfliiger alkali extraction procedure. As 

















TABLE II 

Comparison of TCA and KOH Methods of Extraction of Muscle in Fed Rats 
ieadinee Mg. glycogen per 100 gm. muscle TCA 7 

No. _——- l KOH 

| TCA | KOH | Difference 

1 | 433 | 453 | 20 96 

2 | 493 | 538 45 92 

3 | 470 | 7 37 93 

4 | 651 693 42 94 

5 678 717 39 94 

6 


567 609 42 93 





shown in Table II, our recoveries of glycogen from rat muscle with cold 
TCA, compared with those with KOH extraction, are as high as those ob- 
tained by Kemp and Kits van Heijningen with boiling TCA, a result prob- 
ably due to the high speed and repeated homogenizations we used. 

Kits van Heijningen and Kemp (13) made a comparative study of the 
“free” and “fixed” glycogen content of rat muscle. They considered the 
values obtained by extracting with cold TCA as “free” glycogen and those 
found by extracting the cold TCA residue with boiling TCA as “fixed”’ 
glycogen. They observed a mean ratio of “free” to “fixed” glycogen of 
1.74 + 0.26. The “free” glycogen thus averaged 63 per cent of the total 
glycogen. 

Dialysis Experiments—To obtain evidence that might explain the dis- 
crepancy between the data obtained by the two methods of tissue extrac- 
tion, experiments were designed to show whether anthrone-sensitive ma- 
terials, other than glycogen, are present in the precipitates obtained by 
treatment of the two types of extracts with alcohol. 
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Livers were removed from anesthetized animals and either boiled with 30 
per cent KOH or homogenized with 5 per cent TCA. To the KOH and 
TCA extracts were added 1.2 and 5 volumes of 95 per cent ethanol, respec- 
tively. After centrifuging, decanting, draining, and washing with 95 per 
cent ethanol, the precipitates were taken up in distilled water, placed in 
Visking cellophane tubing, and dialyzed. Anthrone-sensitive material 
could not be demonstrated in the 24 hour dialysate from the glycogen pre- 
pared by TCA extraction, but, within an hour from the starting of the 
dialysis with the glycogen isolated from the boiling KOH extract, material 
responding to anthrone reagent was found in the dialysate. The cello- 


TABLE III 


Data Showing Dialyzable Anthrone-Sensitive Material in Glycogen Precipitated 
from KOH Digests by 1.2 Volumes of 95 Per Cent Ethanol 











Mg. glycogen per 100 gm. liver | 
os “a gk here Ra ts —————— ‘poner ———|_ Per cent dialyzable 
5 Before dialysis After dialysis | Difference 
(1) ae (2) (1) — (2) out 

| 
1 2060 2040 20 1 
2 4625 4480 145 3 
3 3535 3400 135 | 4 
4 2160 2040 120 6 
5 1486 | 1358 128 | 9 
6 77 7 20 26 
7 81 | 58 23 28 
8 100 60 40 40 











phane used was shown to be impermeable to clinical dextran, with an av- 
erage molecular weight of 70,000. 

Further experiments were performed to determine the amount of dialyz- 
able material in glycogen isolated from boiling KOH extracts. The pre- 
cipitate obtained in the usual KOH procedure, after washing with 95 per 
cent ethanol, was taken up in 10 ml. of water. 5 ml. of this solution were 
transferred to a section of Visking cellophane tubing for dialysis and the 
other 5 ml. were retained for a control. Dialysis was carried out against 
running water for 24 hours, after which the contents of the cellophane tub- 
ing were decanted into a volumetric flask, the tubing was thoroughly 
washed, and the solution was made up to volume. A carbohydrate deter- 
mination by the anthrone method was made on the dialyzed portion and 
upon the control which was handled in the same manner except that di- 
alysis was omitted. The difference between the two values was considered 
the amount of dialyzable material. The results are shown in Table ITI. 
These data show that the apparent glycogen precipitated by alcohol from 
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KOH digests of liver contained water-soluble, alcohol-precipitable, an- 
throne-sensitive, dialyzable material which obviously was not glycogen. 
Effect of Prolonged Boiling with KOH—The effect of prolonged boiling 
of the 30 per cent KOH digests of liver was next studied. 1 ml. aliquots 
of KOH extract of liver from fasted rats were pipetted into centrifuge 
tubes, and the tubes were capped with condensers and placed in a boiling 
water bath. At various intervals tubes were removed from the water bath 
and 1.2 volumes of 95 per cent ethanol were added. 1 ml. aliquots of a 
solution of purified glycogen were treated similarly. The glycogen in the 
precipitates was determined by the anthrone method. The results are 
shown in Fig. 1. During the 8 hour boiling period the purified glycogen 


5 @—@ FASTED LIVER DIGEST 
55 o@--0 GLYCOGEN + KOH 
O—O GLYCOGEN + KOH + BLOOD 


MG. GLYCOGEN 














TIME IN HOURS 
Fig. 1. Effect of heating with 30 per cent KOH on rat liver glycogen 


remained at the same concentration, but the apparent glycogen content of 
the KOH digest diminished. It is well known that the content of pure 
glycogen is not diminished by boiling in KOH solution. Therefore, the 
decrease in the KOH digest, shown in Fig. 1, was due to decomposition of 
a non-glycogen complex into fragments not precipitable by ethanol. The 
decrease in apparent glycogen in this experiment was marked, because 
liver from fasted rats was used in which a relatively high proportion of 
non-glycogen carbohydrate is present. 

Nature of Insoluble Residue in KOH Extracts—As is well known to 
workers with the Pfliiger procedure, after boiling liver with 30 per cent 
KOH solution, cooling, and allowing the mixture to stand for a time, an 
insoluble material separates from the solution. Analysts are cautioned 
not to remove this residue as it contains glycogen (5). This material was 
examined as follows. The apparent glycogen content of the solution ob- 











590 GLYCOGEN IN LIVER AND MUSCLE 


tained by boiling liver in 30 per cent KOH, after cooling but before the 
insoluble residue had appeared, was determined. After the residue had 
separated and the mixture was centrifuged, determinations of the glycogen 
content of the supernatant fluid and the insoluble residue were made. 
The results are shown in Table IV. The amount of glycogen in the super- 
natant fluid plus that in the residue accounted completely for the quantity 
of glycogen found in the original extract. These experiments suggested 
that the insoluble residue that forms in KOH extracts of tissue is not gly- 
cogen, since it is insoluble in KOH solution. However, it may be argued 
that the insoluble residue is glycogen separating from a supersaturated 


TaBLe IV 
Analysis of KOH Digests of Liver and Muscle 





Mg. per cent of apparent glycogen 








Material After centrifugation 
Original extract ——.———_-——__—_— 
Supernatant fluid Residue 
Rc Senin ak dines aca 20.4 13.9 6.8 
OR ete 27.4 | 13.4 11.1 
ee ee ee ee 19.0 15.8 §.1 
nied cA ¢. 6:6 ence oranenytl 39.7 16.6 20.9 
gle it Se ers eee 123.9 87.0 25.8 
DE aad ts ad Ses kvm eames 19.2 14.3 3.9 
Mote picts aceon 567.5 552.2 17.4 
i Oe AAR ory Bee 717.0 705.0 16.0 
- ees fac rvateh a ptureMdceMicae s 452.7 424.2 28.5 
Prot a tae 4 ateiaciie etary 99.0 8.0 
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KOH solution. That this was not the case was shown by further study of 
the nature of the residue. 

It was found that this residue is not soluble in water which proved that 
it was not glycogen. After washing this substance several times with 
water, it was found to react characteristically with anthrone reagent, and, 
after hydrolysis, to reduce alkaline copper solution. These observations 
showed that the insoluble residue that forms in KOH digests of liver is not 
glycogen and is a material that responds to both anthrone and copper re- 
duction techniques. 

Completeness of Extraction with TCA—It is difficult to remove all of the 
glycogen from tissue by grinding with TCA because of the requirement for 
completely disrupting the cells and thoroughly dispersing the proteins that 
are precipitated by TCA. 

To study the recoveries by TCA extraction, rat livers were homogenized 
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ne in a Servall omnimixer at 14,000 r.p.m. The first homogenization was 
“d for 3 minutes, after which the mixture was centrifuged and decanted. The 
on residue was returned to the blendor for further homogenization for 1 or 2 
le. minutes. This procedure was repeated until five homogenizations had 
- been carried out. The supernatant liquid obtained after each homogeniza- 
ty tion was analyzed for glycogen. The residue after the fifth TCA extrac- 
i" tion was taken up in 30 per cent KOH and treated by the Pfliiger proce- 
y- ; 
ed | TABLE V 
ed Recovery of Glycogen from Liver by Repeated Homogenizations with & Per Cent 


Trichloroacetic Acid with Servall Omnimizer at 14,000 R.p.m. 





Per cent recovery 














Extraction No. | Time homogenized — | 
| | Single extraction Cumulative 
min. meg. | | 
1 3 3367.0 87.5 | 87.5 
2 1 374.8 9.7 97.2 
3 1 63.2 1.7 98.9 
| 4 1 24.2 0.7 | 99.6 
| 5 1 15.1 0.4 | 100.0 
Residue by KOH 142.3 | 
| 1 3 718.3 85.4 | 85.4 
2 1 7.0 10.3 95.7 
3 1 12.6 1.5 97.2 
4 1 11.0 1.3 | 98.5 
5 2 12.6 1.5 100.0 
Residue by KOH 164.5 | 
1 3 64.9 70.1 70.1 
2 1 14.7 15.8 | 85.9 
ais 3 1 5.0 5.4 | 91.3 
” 4 1 2.6 8 | 94.1 
5 2 5.4 5.9 | 100.0 
Residue by KOH 112.4 | 
hat ERAS ET ED as cncusihipsiciathpiiteciadentgisdaeit 
ith 
nd, dure, the apparent glycogen being determined by the anthrone method. 
ons The results are shown in Table V. The amounts of glycogen in the frac- 
not tions analyzed after the fifth homogenization, per 100 gm. of liver, were 


re- 15.1, 12.6, and 5.4 mg. for livers containing 3367, 718, and 64.9 mg. per 100 
gm., respectively. Since these amounts were small, it was assumed for 
the purposes of comparison that the glycogen obtained by the five homogeniza- 


for tions was all that was present. Based upon this assumption, the per cent 
hat in each extraction is shown in the fourth column of Table V and the cumu- 

lative recoveries after each extraction in the last. The cumulative re- 
zed coveries show that 10 to 15 per cent of the total glycogen was present in 











592 GLYCOGEN IN LIVER AND MUSCLE 


the second extraction. A second blending of the tissue was necessary to 
obtain 97, 96, and 86 per cent of the glycogen with liver contents that were 
average, low, and at the fasting level, respectively, and two more homogeni- 
zations of 1 minute each were necessary to recover essentially all of the 
glycogen. 

The liver glycogen values in Table V for the residues boiled with KOH 
after five extractions with TCA are not considered true glycogen values. 
The evidence from Tables II, III, and IV support this assumption. 

Concerning “‘Free’’ and “Fixed”? Glycogen—Our studies led us to the con- 
clusion that the distinction between “free” and “fixed” glycogen, proposed 
in certain reports in the literature, is an incorrect assumption. It is our 
opinion that the glycogen value obtained by extraction with TCA, when 
the extraction procedure is adequate, is the true glycogen content of the 
tissues. In our data of Table V there is no reason to assume that the gly- 
cogen obtained in each successive extraction existed in the tissues in a form 
differing from that in the preceding extraction, although it might be said 
to be more “difficultly extractable.” Further evidence against this as- 
sumption is our demonstration of the presence of non-glycogen carbohy- 
drate in KOH extracts of tissues, which largely accounted for the difference 
between the values obtained by TCA and KOH extractions. 

Specificity of Proposed Method—The proposed method, which involves 
extraction by TCA and isolation of the glycogen by alcohol precipitation, 
is on a sound basis. Excellent recoveries were obtained in analyses of 
blood to which purified glycogen was added. Methods (12) in which the 
TCA extract is boiled are subject to the objection that losses may occur 
from hydrolysis of the glycogen. 

Isolation of the glycogen by alcohol precipitation is a preferable step. 
Boiling with alkali may remove interfering sugars, but usually this pro- 
cedure leaves a solution that is not ideal for direct color production. Seif- 
ter et al. (5) observed interference with the anthrone reaction when applied 
to KOH solutions of liver from which glycogen had been removed by alco- 
hol precipitation. The interference, amounting to 1.5 per cent for livers 
containing 1 per cent of glycogen, was not considered serious at normal or 
high glycogen levels. However, this observed error is in addition to that 
produced by other interfering substances which are precipitated from KOH 
digests by alcohol. 

The time required for the technical manipulations involved in the pro- 
posed method, in which anthrone reagent is used, is much less than that 
required for copper reduction procedures. 


SUMMARY 


1. A method has been developed for the determination of glycogen in 
liver and muscle. 
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2. Glycogen is precipitated from trichloroacetic acid filtrate of tissues 
by ethanol and determined by an anthrone procedure previously used for 
dextran and blood sugar. 

3. Studies have shown that extracts made by boiling liver with 30 per 
cent KOH contain material that is not glycogen. This material is dialyz- 
able, anthrone-sensitive, and decomposed to some extent by prolonged 
boiling in KOH solution, and, after hydrolysis, it reduces alkaline copper 
solution; it is, therefore, a source of error in glycogen methods based upon 
alkali extraction of tissues. 

4. The studies made indicated that the distinction between “‘free’’ and 
“fixed” glycogen, reported in the literature, is an incorrect assumption. 


BIBLIOGRAPHY 


—_— 


. Pfliiger, E. F. W., Das Glykogen und seine Beziehungen zur Zuckerkrankheit, 
Bonn, 2nd edition (1905). 

. Good, C. A., Kramer, H., and Somogyi, M., J. Biol. Chem., 109, 485 (1933). 

. Cori, G. T., J. Biol. Chem., 96, 259 (1932). 

. Morris, D. L., Science, 107, 254 (1948). 

. Seifter, S., Dayton, S., Novic, B., and Muntwyler, E., Arch. Biochem., 25, 191 
(1950). 

6. Bloom, W. L., Lewis, G. T., Schumpert, M. Z., and Shen, T.-M., J. Biol. Chem., 
188, 631 (1951). 

7. Hanson, R. W., Schwartz, H.S8., and Barker, 8S. B., Abstracts, American Chemical 
Society, 128th meeting, Minneapolis, 73C (1955). 

8. Carroll, N. V., Longley, R. W., and Roe, J. H., Abstracts, American Chemical 
Society, 127th meeting, Cincinnati, 23C (1955). 

9. Roe, J. H., J. Biol. Chem., 298, 889 (1954). 

10. Roe, J. H., J. Biol. Chem., 212, 335 (1955). 

11. Willstatter, R., and Rohdewald, M., Z. physiol. Chem., 225, 103 (1934). 

12. Kemp, A., and Kits van Heijningen, A. J. M., Biochem. J., 56, 646 (1954). 

13. Kits van Heijningen, A. J. M., and Kemp, A., Biochem. J., 59, 487 (1955). 


cr me Oo 


= 
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Although Aspergillus niger, strain 72-4, has been studied previously be- 
cause of the high yields of citric acid it gives when fermenting sugars, it also 
produces oxalic acid under the proper conditions. The present work is a 
study of the conditions under which oxalic acid is formed, the substrates 
that are converted to it, and the mechanism of its formation from these sub- 
strates. 

Oxalic acid is never found in normal growth fermentations with strain 
72-4 until after autolysis has begun. However, in replacement fermenta- 
tions in which preformed, washed mycelium is resuspended in nitrogen-free 
medium, oxalic acid is often formed together with citric acid. It was orig- 
inally suggested (1) that oxalic acid is made by hydrolytic splitting of ox- 
alacetate. Later work (2, 3), although consistent with this theory, gave 
data more in line with the results of the present work, which indicate that 
oxalacetate is oxidatively split to 2 molecules of oxalic acid. Direct oxida- 
tion of acetate to oxalate was ruled out by the work of Bomstein and John- 
son (3) and also by the present work. 

The present study also shows that, at neutral pH, a great variety of sugars 
and related compounds can be fermented to oxalic acid by fluoride and 
fluoroacetate-insensitive pathways. Compounds part of or related to the 
Krebs cycle still appear to form oxalic acid by oxidative splitting of oxal- 
acetate. 


Methods and Materials 


Culture and Fermentation—A. niger, strain 72-4, was used throughout 
this work. The methods and fermentation media for sporulation and 
growth of the mycelium were the same as those used previously in this 
laboratory (4-6). The replacement fermentations described here were 
carried out with preformed, washed mycelium resuspended in sterile nitro- 
gen-free media. Low pH fermentations contained substrate, 1.0 to 2.5 gm. 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Atomic Energy Commis- 
sion. 

+ Predoctoral Research Fellow of the National Science Foundation, 1954-55. 
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of KH2POx,, 0.25 gm. of MgSO,-7H.20, 700 y of iron, and 240 y of zine per 
liter, in addition to sufficient hydrochloric acid to lower the pH to 2. Neu- 
tral pH fermentations contained substrate and 0.2 to 0.4 mM potassium phos- 
phate, pH 7.2, except when the substrates were acids, in which case the 
potassium or sodium salts were used, together with 0.005 to 0.01 mM phos- 
phate. Fermentations of radioactive substrates were carried out in the 
closed system described below with 25 ml. of medium containing 5 ml. of 
packed mold suspension. Other fermentations were carried out in 500 
ml. Erlenmeyer flasks with 50 ml. of medium containing 10 ml. of mold 
pellets. Aseptic conditions were maintained throughout. 

Closed System—When it was desired to obtain complete carbon, radio- 
activity, and oxidation-reduction balances, fermentations were run in a 
totally closed system with oxygen supplied on demand by an electrolysis 
cell. The apparatus is the same as that described in an earlier paper (7), 
except that a two level 300 ml. flask holding up to 20 ml. of alkali in the 
upper level is substituted for the fermentation flask and gas reservoir of 
the other system. The two level flask is similar in shape to that used 
by Dickens and Simer (8), but has no side arms except the one delivering 
oxygen from the electrolysis cell. As modified for carbon dioxide absorp- 
tion, the system may be used to study any aerobic fermentation producing 
carbon dioxide as the only gaseous product without sacrificing the high 
aeration rates available from a rotary shaker. 

Analytical Techniques—Citric acid was determined by the colorimetric 
method by use of the pyridine-acetic anhydride complex (9). Oxalic acid 
was precipitated with calcium at pH 6 and titrated with permanganate 
after solution in 2 N sulfuric acid. Inthe closed system, carbon dioxide was 
absorbed in 4 N alkali and the amount was determined by titration of the 
carbonate with 1 n hydrochloric acid in the presence of excess BaCle. Glu- 
conic acid was determined by periodate oxidation at room temperature at 
pH 1 for 3 seconds (3 moles of periodate reduced per molecule) or 1 hour (4 
moles of periodate reduced per molecule). Glycolic acid was determined 
colorimetrically with 2 ,7-naphthalenediol reagent (10). a-Keto acids were 
determined colorimetrically as their 2 ,4-dinitrophenylhydrazones in basic 
solution. Tartaric acid was precipitated as potassium acid tartrate from 
80 per cent alcohol and titrated to pH 9. Sugar alcohols were determined 
by periodate oxidation at room temperature. Sugars and ketogluconic 
acids were determined by the copper reduction method (11). 

Citric and oxalic acids were separated and isolated by partition chroma- 
tography with a 35 per cent butanol-65 per cent chloroform mixture as the 
flowing phase and 0.5 n sulfuric acid supported on Hyflo Super-Cel (1 ml. 
per gm.) as the stationary phase. 

Degradation Procedures—Citric acid was degraded as described previously 
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(7). Gluconic acid (about 0.02 m) was degraded by allowing a 20 per cent 
excess of 0.5 mM periodic acid to oxidize it for 20 minutes at room tempera- 
ture at pH 1. Carbons 1 and 2 form glyoxylic acid, carbons 3 to 5, formic 
acid, and carbon 6, formaldehyde. The formaldehyde and glyoxylic acid 
were isolated as their 2,4-dinitrophenylhydrazones, which were separated 
by solution in ether and extraction of the glyoxylic 2 ,4-dinitrophenylhydra- 
zone into NazHPQO, solution. The formic acid was isolated by distillation. 

Radiocarbon Counting Techniques—The sample to be counted was diluted 
with a known amount of gelatin and adjusted to pH 12; 1 ml. aliquots were 
then placed on 5 sq. cm. copper disks and air-dried. Sample thicknesses 
were commonly between 1 and 10 mg. per sq. cm. Samples were counted 


TABLE [| 
Effect of pH on Oxalic Acid Formation 





| Products 








Initial pH siaée 
Net citric acid | Oxalic acid 
Oe oe, | mmole C mmole C 

2* 6.4 | 3.4 
1.85 | 9.5 | 1.3 
3.15 1.7 7.4 
4.0 —0.1 | 13.3 
5.1 


—0.6 | 18.2 





Substrate, 5 per cent glucose. 6 day fermentation. 0.1 m citrate buffer present 
(30 mmoles of carbon). 
* No citrate buffer. 


in a flowing gas counter, at least 1000 counts being totaled for all but the 
weakest samples. 

Substrates—Potassium gluconate-1-C™ was obtained from Dr. Laurens 
Anderson. Glucose-2-C™, glucose-6-C™, xylose-1-C™, p-arabinose-1-C%, 
and p-arabinose-5-C™ were obtained from the National Bureau of Stand- 
ards. 


Results 


Effect of pH and Buffer on Oxalic Acid Formation from Glucose—Although 
in normal growth fermentations at low pH oxalic acid is not formed, it 
frequently is formed with citric acid in replacement fermentations. If one 
increases the pH of the medium by addition of buffer, oxalic acid formation 
is favored over citric acid production and completely replaces it at a pH 
above 5, as can be seen from Table I. It can also be seen that the presence 
of 0.1 m citric acid lowers the oxalic acid yield to one-third that of the 
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control. This effect was found to be reproducible and a function of the 
citric acid concentration. These data suggest that oxalic acid formation 
is due to a higher than normal pH inside the cell. In low pH replacement 
fermentations, this raised internal pH is probably generated by the wash- 
ing during replacement. At the low external pH of the growth medium, 
the cell buffers are likely to be citrate or phosphate anions and protein 
cations. With the cell wall impermeable to un-ionized acids, it is possible 
by a Donnan equilibrium to keep the internal pH above 3.3 with a citrate 
concentration of 1 m inside the cell and up to 0.4 m outside. Washing re- 
moves the anions, together with hydrogen ions stripped from the proteins, 
thus raising the pH. Added citric acid would restore the internal cell buf- 
fer, thus lowering the internal pH and preventing oxalic acid formation. 
If a buffer of a higher pH is added, the internal pH will remain high, and 
oxalic acid will be formed. 

Eleven different buffers were tested for their ability to cause oxalic acid 
formation from glucose at neutral pH. (pH values ranged from 5.6 to 
8.0, most values being between pH 6.9 and 7.5. All buffers had a so- 
dium or potassium concentration of 0.6 mM.) Except for acetate and ben- 
zoate which were toxic, and bicarbonate which became too basic, all the 
buffers gave some oxalate. Citrate, oxalate, phosphate, succinate, and tar- 
trate gave the best yields; glycolate, phthalate, and pyruvate gave less. 
The yields from citrate, succinate, and tartrate may have been high because 
of utilization of the buffer itself; for this reason phosphate was used rou- 
tinely as a buffer to study the oxalic acid fermentation at neutral pH, ex- 
cept when acidic substrates which could serve as their own buffers were 
employed. 

Identification of Gluconic Acid As Intermediate—Study of the fermenta- 
tion of glucose to oxalic acid at neutral pH showed that glucose disappeared 
completely in 24 hours, but that oxalic acid was formed more slowly over 
a period of a week or more. Since the unknown intermediate appeared to 
be an acid because of the large drop in pH accompanying sugar utilization 
before oxalic acid was formed, gluconic acid formation was suspected. The 
intermediate was proved to be gluconic acid by preparing the phenylhydra- 
zide and benzimidazole derivatives from a 24 hour sample of a glucose 
fermentation at neutral pH and comparing them with authentic samples. 

It appears that this strain of A. niger possesses a very active glucose 
dehydrogenase operative only at neutral pH. Glucose is thus rapidly con- 
verted to gluconic acid or to its lactone which is then slowly converted to 
oxalic acid and carbon dioxide. No other products or intermediates have 
been isolated. Furthermore, glucose is the only substrate yet observed 
that is converted to an aldonic acid before being oxidized to oxalic acid. 
All other substrates tried accumulate no observable intermediates. 

Oxalic Acid Formation from Various Substrates and Effect of Inhibitors— 
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As can be seen from ‘Table LI, a wide variety of substrates has been shown 
to be fermented to oxalic acid at neutral pH. The yields shown are in 
most cases the best obtained; considerably lower yields are frequently ob- 
tained from glycolate and from citrate (as shown), for example. The inter- 


TaBLeE II 
Oxalic Acid Formation from Various Substrates and Effect of Inhibitors 


0.001 m fluoride + 


No inhibitors 0.001 m fluoroacetate 
Potassium present 
Substrate pace “i , ; be epee 
—- | Oxalic acid | 5UPStrAte | Oxalic acid 
M mmole C mmole C | mmole C mmole C 
4% glucose......... 0.4 67* 21.8 67* 7.1f 
2% mannose..... 7 0.2 28.0 16.2 
4% fructose......... 0.4 23.3 19.8 21.7 14.0 
2% galactose.......... 0.2 10.0 | 5.7 
2% sorbose ee ; 0.2 8.0 4.9 
4% gluconolactone... - 0.4 41.3 25.8 10.9 7.3 
4% 2-ketogluconic acid. . S 0.3 313 | 28 I 
4% 5-ketogluconic “ .... ; 0.3 17.4 | 3.8 
4% xylose...... ve 0.4 35.0 | 17.7¢ | 31.6 | 13.3 
4% u-arabinose..... ' 0.4 11.7 20.4f 6.7 15.8 
4% v-arabinose . 0.4 0 10.1 
2% ribose...... 0.2 3.5 3.9 
2% mannitol..... ace 0.2 il) | SS 
2% dulcitol..... 0.2 20.5 | 12.4 
2% sorbitol... . ie 0.2 19.3 | 12.0 | 
4% glycerol...... we 0.4 18.6 | 16.3 | 13.5 | 12.0 
| | 
2% K glycolate. . ee | 28.4 | 18.3 | 
1.5% K glyoxylate oy, 0 | 6.4 | 7.5 | 3.5 3.4 
4% Na tartrate... 0 | Ma 12.9 | 
3% ‘“ pyruvate.. = 0 40.0 | 6.1 | 
2% K citrate.. 0 | m2) 81 17 | 0.2 
MS hye: 0 | 31.2 | 25.4 | 31.2 | 28.28 
2% ‘* cis-aconitate. . 0 | 23.4 | 13.9 23.6 | 13.1§ 
2% ‘* d-isocitrate . 0 | 9.9 8.4§ 
2% “ succinate... 
| 


0) 9.3 | 4.8 4.1§ 


4 to 6 day fermentations. 

* All of the glucose is converted to gluconate before being fermented further. 

+ Only fluoride present as inhibitor. 

t p-Arabinose (and to some extent L-arabinose) at neutral pH causes some autoly- 
sis, with apparent formation of oxalic acid from the endogenous carbon released; see 
also the p-arabinose fermentation in Table III and the discussion in the text. 

§ Only fluoroacetate present as inhibitor. 
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esting thing is that, for the most part, the fermentation appears unaffected 
by fluoride or fluoroacetate, indicating that the Krebs cycle and glycolysis 
beyond the stage of trioses do not participate as pathways for oxalic acid 
formation. (Both inhibitors prevent germination of the mold and fluoride 
inhibits the formation of citric acid from glucose at low pH completely.) 
Sugars, sugar alcohols, and related acids are possibly converted to oxalate 
through glycolaldehyde, glycolate, and glyoxylate (see under “ Discussion”’). 
Compounds that are part of, or closely related to, the Krebs cycle probably 
form oxalate by oxidative splitting of oxalacetate to glyoxylate, which 
would be oxidized to oxalate. The quantitative conversion of tartrate to 
oxalate suggests that it might be an intermediate (formed by hydration of 
an enol form) in the splitting of oxalacetate. Since carbons 1 and 4 of 
optically active tartrate are indistinguishable, equilibration of oxalace- 
tate with tartrate could be an alternative explanation to equilibration with 
fumarate for explaining the randomization between the carboxyl groups of 
oxalacetate that is frequently observed. Such a hypothesis is especially 
inviting for highly oxidative mold fermentations in which reduction of oxal- 
acetate to malate is most unlikely. 

Of special interest here are the results with citrate. In the case in which 
over 80 per cent of the carbon was converted to oxalate, fluoroacetate had 
no effect, while in the other case shown in Table II, oxalic acid formation 
was completely inhibited. It appears that, in the first case, citrate has 
been broken down by reverse operation of the Krebs cycle (as normal opera- 
tion of the Krebs cycle could not convert more than 67 per cent of the 
citrate carbon to oxalate by any method), and in the second case by normal 
forward operation of the Krebs cycle.!. Fluoroacetate inhibits aconitase 
only when condensed to form fluorocitrate; this does not happen when the 
citrate condensation is being reversed. The data for cis-aconitate and 
d-isocitrate were obtained with the same lot of mold mycelium as was used 
in the first case above, and fluoroacetate again had no effect. The decrease 
in yield from citrate to aconitate to isocitrate supports the idea of reverse 
operation of the Krebs cycle under these conditions. 

Tracer Experiments on Oxalic Acid Formation—The results of tracer fer- 
mentations in which oxalic acid formation is studied are given in Table III. 
(The data for the first two fermentations have been published previously 


1 The data here show that at neutral pH the Krebs cycle may be active in mycelium 
grown at low pH, while such mycelium at low pH appears to lack aconitase and causes 
accumulation of citric acid with no recycling through the Krebs cycle (7). Citric 
acid formation is evidently the result of inactivation of the aconitase by the low pH 
caused by the citric acid already present. This process begins as soon as growth of 
the mold reaches the point at which the glycolytic enzymes can convert sufficient 
glucose to citric acid to overload the small amount of aconitase present and cause 
sufficient accumulation of citric acid to inactivate it. 
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(7).) The fermentation of glucose-3 ,4-C™ at low pH produced oxalic acid 
of specific activity identical with that of the glucose used. The oxalic acid 





TaBLe III 
Tracer Experiments on Oxalic Acid Formation 
| | | ; ] 7 4 
Substrates Citric acid Oxalic acid dione 
Initial ee 
cieiigaianhaia aecaclaneieeyanicisian en aa 
specific ] | | edition 
Ini- | Us 4 | activity Specific | | Specific |Specific 
tial | “5° activity | activity activity 
| 


| - == . | sna, m- | oa m 
| | mmole! c.p.m. per | C.p.m. per | ¢P m- | C.p.m. | 

mole | ~ | aie! cate! per mole| per c.p.m. 
ie | ¢ mmole C a “mmoie C| C |mmoleC| C |mmoleC 


Glucose-3,4-C', 


pH 2...........|21.213.8* — 13,300,5.7 | 7,660t) 1.6, 12,650| 3.1) 7,860) 23,500 
Glucose. ........ .30.7/24.3 | = 
ae 0.5) 578,000)9.8t112,700, 7.1) 5,500) 1.5)38,400 
K citrate, pH 4.5. ./14.9| 


Gluconolactone- | 
1-C', pH 7.2. ..|/32.4/23.9 42,000 14. 


1; 20, 300 9.4)58,900, 15,100 
Glucose, pH 2 32.119.9 3.2 6, 500f| 1 ae 


K gluconate-1-C™.| 0. 


Xylose-1-C™, pH | 
Sea 
Xylose-1-C™, pH | 


1 § |20,000,000 
| | | 


822.3) 57,800/2.7 |35,6004| 3.1 
| | | 


21, 400 6.4 75, 400 48,000 

| | 

| 

Al 27 , 200/10. 4|41 ,000|342, 000 
| 


} 





$8.2... |16.7|16.6 | 38,800 9.2} 25,000) 6.4)32,300\188, 000 
Glucose-2-C™ pH | | 
ta. 16.8)10.6|| 172,500 5.4108, 089) 5. 1/30, 900/503 , 000 


G lucose- 6- Cc" pH 











72. ...|16.810.9]) 209,000) 53/246, 000) 5. 2/40, 500/685, 000 
ndaeineene | | | | | 

1-C'4, pH 7.2. . .|16.8) 0.1 | 212,000) | ~ 23,000) 2.2126, 200 81,900 
p-Arabinose- 

5-C'¥, pH 7.2. . 16.8 0 136,000 1.5) 72,800) 1. uf 7,000 21,600 


The data for the first { two o fermentations hove ao published seuiehiaaiee (7). The 
fermentations at pH 7.2 contained phosphate buffer. 

* 3.4 mmoles of carbon converted to gluconic acid. 

{ Distribution of labeling given in the text. 

t Net citrate formed. 


§ Final gluconate concentration, 0.5 mmole of C; specific activity, 1,230,000 ¢.p.m. 
per mmole of C. 


|| The remainder of the glucose was converted to gluconic acid. 


could have come from oxalacetate (the citric acid formed contained a full 
label in the tertiary carboxyl group and one-seventh of a label in the pri- 
mary carboxyl that came from oxalacetate), or from the gluconic acid in 
the fermentation with slight dilution. In any case, the 3 and 4 carbons of 
glucose appear to be good oxalic acid precursors. 





602 OXALIC ACID FORMATION BY A. NIGER 


Oxalic acid became labeled during the fermentation of glucose at pH 4.5 
in the presence of labeled carbon dioxide. As noted in the earlier paper 
that described this experiment (7), an analysis of the labeling pattern pro- 
duced has been made. The analysis (which is analogous to the one made 
in that paper for a low pH fermentation) yields three equations for the 
specific activities of citrate, oxalate, and carbon dioxide, which, if citric 
acid is assumed to be formed from oxalacetate made from pyruvate and 
carbon dioxide, can be simultaneously solved in pairs to give a value for 
the fraction of theoretical incorporation of carbon dioxide into oxalic acid. 
The average of the three values obtained is 0.07. If all the oxalate were 
formed from oxalacetate, the expected value would be 0.25 (since 1 of the 
4 carbons of oxalacetate comes from carbon dioxide); thus 28 per cent of 
the oxalate appears to have come from oxalacetate. The rest must have 
been formed from glucose by another pathway. 

A trace amount of acetate-2-C™ was added to a fermentation of glucono- 
lactone at neutral pH to see whether acetate could be directly oxidized to 
oxalate. Two-thirds of the label appeared in the carbon dioxide, which 
had a specific activity (in counts per minute per millimole of carbon) 1.3 
times that of the oxalate. It appears that acetate is not oxidized directly 
to oxalate, but probably enters the Krebs cycle and is oxidized to carbon 
dioxide. The oxalate label probably came from splitting of some oxalace- 
tate, which would be highly labeled. 

To test whether oxalic acid could be oxidized to carbon dioxide, xylose 
was used as a substrate at neutral pH with tracer amounts of labeled oxalic 
acid present. Although sufficient oxalic acid was produced to dilute the 
specific activity of that added by a factor of 8, no label at all appeared in 
the carbon dioxide produced. Oxalic acid is evidently an inert end-product 
of metabolism under these conditions. 

Fermentation of gluconolactone-1-C™ at neutral pH (Table III) gave 
carbon dioxide containing 50 per cent more label, per molecule, than the 
oxalic acid, suggesting that conversion to pentose is a major pathway for 
metabolism of gluconate. The label in the oxalate is too high, however, 
to be accounted for by carbon dioxide fixation into oxalacetate, alone, and 
must represent either another carbon dioxide fixation reaction (which seems 
unlikely) or a pathway for metabolism of gluconate which does not involve 
decarboxylation of carbon 1. 

Similar results were obtained by fermentation of glucose at low pH in 
the presence of tracer amounts of gluconate-1-C™ (Table III). The carbon 
dioxide has twice the label, per molecule, of the oxalate and contains over 
10 times the total number of counts, indicating that most of the gluconate 
was decarboxylated to pentose. A considerable amount of the oxalate 
could have come from oxalacetate, although it has 15 per cent more label 
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than the corresponding carbons of the citric acid which come from oxal- 
acetate. (The tertiary carboxyl has 30 per cent, the primary carboxyl com- 
ing from oxalacetate 60 per cent, and the other 4 carbons 10 per cent of 
the label.) The labeling in the citric acid formed indicates that some of 
the gluconate label has found its way into pyruvate, suggesting that here, 
too, some of the gluconate may be metabolized by a pathway other than 
decarboxylation. 

The data also allow a calculation of how much carbon passed through 
the gluconate pool during this fermentation. The maximal figure obtain- 
able (which assumes that all of the gluconate was formed at the start of 
the fermentation and later partly metabolized) is only 0.56 mmole of carbon, 
showing that most of the oxalic acid did not come from gluconate. 

Comparison of the results of fermentations of xylose-1-C™ at low and 
neutral pH (Table III) shows that in both cases the carbon dioxide has a 
specific activity higher than that of the oxalate by nearly the same ratio, 
suggesting that similar mechanisms may be operating at both pH values. 
The labeling in the citric acid formed at low pH is not of too much help 
(15 per cent in the tertiary carboxyl, 18 per cent in the primary carboxy] 
coming from oxalacetate, and 67 per cent in the other 4 carbons). A more 
complete degradation is needed to tell whether the label is spread evenly 
throughout the molecule or concentrated in the chain carbons coming from 
the methyl of pyruvate (which one might expect if xylose were converted 
to xylulose and split to non-labeled oxalate and triose which would give 
pyruvate-3-C" or hexose-1 ,6-C"). 

Fermentations of glucose-2-C™ and glucose-6-C™ at neutral pH provide 
nearly similar results (Table III). The oxalate is very highly labeled and 
appears to have been formed by complete conversion of carbons 2 to 6 of 
the hexose to oxalate after decarboxylation of carbon 1. The residual glu- 
conate in both fermentations, when degraded, showed no activity in posi- 
tions other than the one originally labeled in the glucose. The carbon 
dioxide is partly formed from carbon 1 by decarboxylation, but appears to 
have come mostly from low activity carbon exchanged from the mycelium. 
The large amount of activity recovered from the mycelium in the fermenta- 
tions of labeled glucose and xylose suggests that there is a sizable reserve 
of carbon in preformed, washed mold mycelium which may exchange with 
substrates under proper conditions, but is not readily removable from the 
cell. (Shaking of preformed, washed mycelium in distilled water for 3 days 
causes no autolysis or release of titratable acid, but the presence at neutral 
pH of a compound such as p-arabinose causes extensive visible autolysis 
and formation of oxalic acid from endogenous carbon.) 

The fermentations with labeled p-arabinose (Table III) support the idea 
of a reserve pool of carbon in the mycelium. p-Arabinose (and to some 
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extent L-arabinose and ribose; see Table II) appears to be a poor substrate 
for the mold, very little of it being utilized. Either the breakdown of the 
p-arabinose produces sufficient reducing substances to falsify the analysis, 
or D-arabinose causes the carbon reserve of the mycelium to be mobilized 
and converted to oxalate and carbon dioxide. The latter possibility seems 
more probable, as there appears to be considerable autolysis with D-arabi- 
nose as substrate. 


DISCUSSION 


The results above leave little doubt that oxalic acid is formed as the 
result of raised internal pH in mycelium grown at low pH for citric acid 
production. The mechanism of its formation is not so clear, but the follow- 
ing general picture is indicated. 

At low pH, a large proportion of the oxalic acid formed is derived by 
oxidative splitting of oxalacetate. Oxalacetate is probably present in the 
mold in larger amounts than acetyl coenzyme A, since, with the overloaded 
carbohydrate metabolism supplying high energy bonds faster than they can 
be used, phosphoenolpyruvate will tend to be carboxylated rather than 
transfer its phosphate to adenosine diphosphate. Thus, when the rise of 
the internal pH of the mold due to the washing permits oxalacetate to be 
split, sufficient substrate is available. Also, if tartrate is postulated as 
an intermediate in this splitting, the relatively large amount of oxalacetate 
will be sufficient to overcome the unfavorable equilibrium which probably 
exists for the conversion of oxalacetate to tartrate. 

In fermentations run at high pH values, less oxalate is made from oxal- 
acetate, as the carbon is diverted before reaching the Krebs cycle, unless 
the substrate is a compound such as pyruvate or citrate which has no choice 
other than to enter the Krebs cycle. The fermentation of citrate which 
gave over 80 per cent of the carbon in oxalate adds to the evidence that 
oxalacetate is normally present in larger amounts than acetyl coenzyme A. 
Here the rapid splitting of oxalacetate has drawn the equilibrium in favor 
of acetyl coenzyme A and oxalacetate formation, and at least some of the 
acetyl coenzyme A appears to have condensed to form succinate and oxi- 
dized to oxalacetate. This C2-C. condensation does not normally appear 
in fermentations with glucose as a substrate (7); it is logical to assume that 
it does not because the excess of oxalacetate removes the acetyl coenzyme A 
to form citrate before it can condense with itself to form succinate. 

At neutral pH, glucose is oxidized rapidly to gluconic acid, which is 
mostly decarboxylated to pentoses; however, a part of it appears to be 
converted to oxalate by a pathway which preserves the label of carbon 1 
in the oxalate. It is possible that the gluconate is converted to 2-keto-3- 
deoxygluconate and split to pyruvate and triose. The pyruvate-1-C" that 
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would result, if carboxylated to oxalacetate, would give labeled oxalate 
when the oxalacetate was split. 

Hexoses other than glucose, pentoses (including those derived from glu- 
conate), trioses, and compounds easily converted to these appear to be con- 
verted to oxalate by a pathway not involving the Krebs cycle or glycolysis 
beyond the stage of trioses. The results from fermentations of glucose-2- 
C* and glucose-6-C™ (Table III) suggest strongly that all the carbon enter- 
ing this pathway is converted to oxalate. It therefore seems reasonable to 
postulate a mechanism similar to the accompanying one (which would, no 
doubt, actually involve the phosphate esters of the compounds). This pen- 
tose cycle requires only transketolase, transaldolase, and pentose and tetrose 
isomerases in addition to the glycolytic enzymes converting hexoses to tri- 
oses. Hexoses and trioses could enter the cycle by the reaction between 
fructose and glyceraldehyde which produces ribulose and erythrose. 


3 ribose + 3 ribulose — 3 glyceraldehyde + 3 sedoheptulose 

4 glyceraldehyde + 4 sedoheptulose — 4 fructose + 4 erythrose 

3 fructose — 6 glyceraldehyde 

Fructose + ribose — sedoheptulose + erythrose 

5 erythrose — 5 erythrulose 

5 erythrulose + 5 glyceraldehyde — 5 ribulose + 5 glycolaldehyde 
2 ribulose — 2 ribose 





Net, 2 ribose — 5 glycolaldehyde 
Glycolaldehyde — glycolate — glyoxylate — oxalate 


This system must be inactive at low pH, since citric acid formation takes 
place quantitatively under ideal conditions. As the pH rises, this system 
drains off more and more carbon, becoming at neutral pH the major path- 
way for metabolism of sugars. 

This theory calls for complete conversion of sugar to oxalic acid with no 
carbon lost as carbon dioxide (except in the case of glucose and gluconate). 
Such yields are sometimes approached (see Table II, also the isotopic re- 
sults of fermentations of glucose-2-C™ and glucose-6-C" in Table III), but 
more commonly considerable carbon dioxide appears to be produced. This 
may be the result of operation of the Krebs cycle (with only small amounts 
of pyruvate available, oxalacetate will not be present in large quantities 
and will not be readily split to oxalate), or of the hexose-monophosphate 
shunt in competition with the production of glycolaldehyde by the pentose 
cycle. 


SUMMARY 


Oxalic acid is formed by Aspergillus niger, strain 72-4, as the result of 
increased internal pH. This increased pH may be the result of loss of 
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anions from the mycelium due to washing or of the addition to the medium 
of a buffer with a neutral pH. 

At low pH values, oxalic acid is mostly formed by oxidative splitting of 
oxalacetate; this is postulated to involve tartrate and glyoxylate as inter- 
mediates. At neutral pH values, oxalic acid is formed from a wide va- 
riety of substrates. Compounds part of, or closely related to, the Krebs 
cycle form oxalate by splitting oxalacetate. Sugars and sugar alcohols are 
converted to hexoses and pentoses. These are rearranged by the enzymes 
of the pentose cycle to glycolaldehyde, which is then oxidized to oxalate. 
Glucose is an exception, being converted rapidly to gluconic acid, which is 
then more slowly metabolized to oxalate (mainly via pentoses). 
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LIVER CATALASE 


III. ISOLATION OF CATALASE FROM MITOCHONDRIAL FRACTIONS 
OF POLYVINYLPYRROLIDONE-SUCROSE HOMOGENATES* 


By ROBERT E. GREENFIELD anp VINCENT E. PRICE 


(From the Laboratory of Biochemistry, National Cancer Institute, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, July 1, 1955) 


In a previous paper (1) experiments were described which indicated the 
existence of two catalases in rat liver with different specific activities. 
These catalase fractions were obtained by column chromatography on an 
adsorbent of calcium phosphate gel prepared in the presence of powdered 
cellulose. The first catalase fraction eluted from the column was highly 
active with a specific activity, k,, of 4.05 X 107 liters mole sec.—!, whereas 
the second fraction was less active with a k, of 2.69 X 10’, based on its 
Soret band absorption. Ludewig and Chanutin (2) have reported that, 
in 8.5 per cent sucrose homogenates, catalase was equally distributed be- 
tween the mitochondrial and supernatant fractions, with only trace amounts 
of activity being found in the nuclear and microsome fractions. It seemed 
quite possible that the two specific activities reported by us represented 
catalase from different sites within the cell. To check this hypothesis it 
was decided to isolate catalase from the mitochondrial and supernatant 
fractions of rat liver. 

The present study shows that in 8.5 per cent sucrose catalase is rapidly 
eluted from the mitochondrial fraction with successive washings. This 
elution can be minimized by addition of albumin or polyvinylpyrrolidone 
(PVP) to the sucrose solutions. When differential centrifugation is car- 
ried out in PVP-sucrose solutions, the catalase appears to follow the mito- 
chondrial fractions. When catalase is isolated directly from the mito- 
chondria, it is found to have a uniformly high activity. 


EXPERIMENTAL 


Assay Procedures—Catalase was assayed manometrically by a method 
described previously (3), or spectrophotometrically by the method of Beers 
and Sizer (4). Assays carried out by the two methods agree very closely. 
The manometric method permitted the assay of particulate fractions and 
of fractions containing high concentrations of albumin or PVP which could 
not be-assayed spectrophotometrically because of their high ultraviolet 


* Presented in part at the meeting of the American Chemical Society at New 
York, September, 1954. 
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absorption. The assays were carried out in 0.02 m hydrogen peroxide in 
0.02 m phosphate buffer at pH 6.9. By use of the manometric method it 
was possible to assay particulate fractions directly in PVP-sucrose solu- 
tions, thereby protecting the integrity of the mitochondria. In such ex- 
periments two sets of assays were carried out. For one set the fractions 
were diluted with 10 per cent PVP-20 per cent sucrose at pH 6.8 and then 
assayed in a substrate-phosphate buffer solution which was prepared in 
the PVP-sucrose. For the second set the fractions were diluted in am- 
monium sulfate, 150 gm. per liter, which was found to disrupt the particu- 
lates and release the catalase to give maximal activity values. The diluted 
fractions were then assayed in the usual hydrogen peroxide-phosphate 
buffer solution. Assays carried out on a purified catalase preparation gave 
the same activity values in the presence or in the absence of PVP-sucrose. 

The spectrophotometric method was found to be very rapid and accurate 
when carried out on a continuously recording spectrophotometer! and was 
used for the assay of fractions from the column procedures. To carry out 
the assays, 2.9 ml. of 0.02 m phosphate buffer at pH 6.9 were pipetted into 
a clean cuvette. The enzyme was diluted with phosphate buffer at 0° to 
give a concentration such that 75 wl. would give a final concentration in 
the cuvette of 0.5 to 2 X 10~-° mole of catalase per liter. The pen of the 
spectrophotometer was set at the base-line and 30 ul. of 1 m hydrogen 
peroxide were rapidly added with the adder-mixer described by Boyer and 
Segal (5). Recording started 4 to 5 seconds after addition of the hydrogen 
peroxide, and the decrease in optical density at 220 my was recorded for 
30 seconds. Values taken at 5 second intervals were plotted onto semi- 
logarithmic paper, and, from the slope of the line obtained, ko, the first 
order rate constant at 22° for a given determination, was calculated. The 
specific rate constant, k., was calculated from the relationship k, = ko/e, 
where e is the enzyme concentration, in moles per liter, determined spectro- 
photometrically (6, 7), based on a molecular weight for rat liver catalase 
of 256,000 and on molar extinction coefficients at 276 and 407 mu of 397,000 
and 430,000, respectively. Because of the convenience of relating the ac- 
tivity of a given catalase preparation to the absorption of its protein 
moiety at 276 mu or to its Soret band absorption at 407 mu (6), a super- 
script will be used to indicate the wave-length in millimicrons at which the 
enzyme concentration, e, has been determined. 

Fractionation in Sucrose Homogenates—As a preliminary experiment, 
catalase was prepared in identical fashion by the method previously de- 
scribed (1) from the supernatant and pellet fractions of an 8.5 per cent 


1 Cary model No. 11-MS recording spectrophotometer; Applied Physics Corpora- 
tion, Pasadena, California. 
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sucrose homogenate which was centrifuged at 42,000 X g for 2 hours.” 
The pellet fraction contained 46 per cent of the total activity, and on iso- 
lation the catalase had the high specific activity previously reported (1). 
The catalase isolated from the supernatant fraction had the lower specific 
activity reported. This appeared to support our initial hypothesis. 
Differential centrifugation of the particulate fractions in 8.5 per cent 
sucrose was then carried out by the method of Schneider and Hogeboom 
(8) in order to isolate catalase directly from the mitochondria. In several 
studies the twice washed mitochondrial fractions had variable catalase 
activity ranging from 15 to 37 per cent of that found in the original homog- 
enate. The elution of catalase from the mitochondria by successive wash- 
ings is shown in Table I. It appears that the catalase is not only eluted 


TABLE I 
Elution of Catalase with 8.5 Per Cent Sucrose 








Total activity, units* 











Fraction sii ealensipaing 
| Supernatant fraction | Pellet fraction 
Se ee a ee ee =< Ee ee = 
> ‘ | 
Unwashed mitochondria.............. | | 230 
MII, caw oa Ss Sadan ew arcs a 48 114 
2nd nll EE PES RENE ee Rasen raetreree “ibe Rye 54 50 








*Units = ky X 40 X d X v, where kp is the first order reaction constant, sec.—', 
to the base e obtained for decomposition of 40 ml. of 0.02 m hydrogen peroxide in 0.02 
M phosphate buffer at pH 6.9 after the addition of 1 ml. of enzyme of dilution, d, from 
a fraction of volume, v, in ml. at 29°. 


but is also quite rapidly destroyed, as indicated by the lack of complete 
recovery of the activity. Hypertonic sucrose solutions, which are said to 
retain the elongated, rod-like shape of the mitochondria (9), did not change 
the distribution of catalase between the supernatant and particulate frac- 
tions. 

Fractionation in Albumin- Sucrose Homogenates—The loss of activity in 
the sucrose washings of mitochondria was in marked contrast to the stabil- 
ity of catalase in concentrated rat liver homogenates. It appeared that 
as long as the catalase was retained in the mitochondria it was quite stable. 
This suggested that the high protein concentration in the homogenates 
might be protecting the integrity of the mitochondria and that albumin or 
some other substance of high molecular weight, such as polyethylene glycol 
(10) or PVP (11), might exert a similar protective function. 


2 Spinco model L preparative ultracentrifuge; Specialized Instruments Corpora- 
tion, Belmont, California. 
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In initial studies, upon homogenizing the rat liver with 9 volumes of 11 
per cent albumin and 8.5 per cent sucrose and centrifuging? at 78,400 « g 
for 30 minutes, 80 per cent of the catalase activity was found in the pellet 
fraction in contrast to the 46 per cent found in the pellet from 8.5 per cent 
sucrose. In order to determine whether coprecipitation was occurring in 
the presence of albumin, an 8.5 per cent sucrose homogenate was centri- 
fuged, leaving half of the activity in the supernatant fraction. Albumin 
was then added to the supernatant fraction and the homogenate reconsti- 
tuted by homogenization with the pellet. When this homogenate was 
recentrifuged and the supernatant solution assayed, none of its activity 
had returned to the pellet in the presence of albumin. This was considered 
as presumptive evidence that coprecipitation had not occurred. Al- 
though coprecipitation did not appear to explain the effect of albumin on 
the distribution of catalase, albumin proved to be unsatisfactory in that 
it was difficult to separate from catalase in subsequent purification pro- 
cedures. It, therefore, seemed desirable to find a less expensive material 
of high molecular weight which could be readily separated from catalase. 
The use of PVP as a protective colloid was suggested by the work of Woods 
(11). PVP appeared to have the particular advantage of being nearly 
inert and not readily bound to proteins (12). 


Fractionation in Polyvinylpyrrolidone- Sucrose Homogenates 


When rat liver was homogenized with 9 volumes of 11 per cent PVP-8.5 
per cent sucrose* for 30 minutes, 99 per cent of the catalase was found in 
the pellet fraction (Table II). The pH of the homogenate was found to 
be 6.2 and that of the 11 per cent PVP-8.5 per cent sucrose solution was 
pH 4.0. If the PVP-sucrose solution was adjusted to pH 6.8 by addition 
of 3 ml. of 1.0 m NaOH per liter before homogenization, the catalase in the 
particulate fraction fell to 93 per cent. It appeared that, although pH 
was an additional factor to be taken into consideration, PVP afforded 
marked protection to the particulate fractions with regard to catalase con- 
tent at either pH 6.2 or 6.8. 

Localization of Catalase among Particulate Fractions—The method re- 
ported by Woods (11) for the separation of the subcellular particulates 
was used with the following modifications: (1) The 10 per cent PVP-20 
per cent sucrose solutions were adjusted to pH 6.8 instead of pH 8.0. Since 
the PVP-sucrose solution has negligible buffering power in this range, this 
change in the pH of the homogenizing fluid did not significantly shift the 
pH of the homogenate. (2) 10 per cent PVP-20 per cent sucrose solutions 

3’ The PVP used was pharmaceutical grade Plasdone, batch No. 403, obtained from 


General Aniline and Film Corporation, 435 Hudson Street, New York 14. The aver- 
age molecular weight was 40,000. 
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were used throughout. When 5 per cent PVP-10 per cent sucrose was 
used for washing the mitochondrial pellets as reported by Woods, a large 
fraction of the catalase was found in the wash solutions. (3) Homogeniza- 


TABLE II 
Catalase Content of Particulate Fractions 





| 
Per cent catalase activity 











Solution used for homogenization pH | 
| | Su ieee Pellet fraction 
ililaniiaacinaiibesatigiieiilag - eatcupiniinimtinll a 
PIII 93:0 ca iete stick ectanaales | 6.8 | 48 52 
kl, ill aR Or 6.27 19 81 
11% albumin-8.5% sucrose. . af 6.8 20 80 
11% PVP-8.5% sucrose............ 6.8 7 93 
11% “ 85% Po Ue eee a 6.2 1 99 





* The homogenates were centrifuged 30 minutes at 78,400 X g. 
} The total experiment was performed in 1 hour at 0°. Catalase rapidly elutes 
into supernatant solution on standing. 


TaB.e III 
Differential Centrifugation in 10 Per Cent PVP-20 Per Cent Sucrose, pH 6.8 





| 


| 


Total activity, unitst 








Fraction* ses 
| Without PVP-sucroset | With PVP-sucrose§ 

PROMBOMPRALO...... 5c eens ea 270 | 85 
Nuclei, washed once................... 70 | 11 
PUIIINOIS 35,5 54.05 5 isin e ge We eh Ge ss 171 42 

ra washed once............. 161 | 

“ PY I 45x 5:03 de 171 | 
MI oa -cis cle e 8 xarne ees us awe tore 7 | 
DUNE os so sansas sekakbwe ode ad 51 | 51 








* Obtained from 2.5 gm. of rat liver. 

+ The same as in Table I. 

t To extract the catalase, the fractions were diluted to the proper concentration 
for assay with a solution containing 150 gm. of ammonium sulfate per liter and then 
assayed in the usual hydrogen peroxide-phosphate buffer mixture. 

§ To protect the mitochondria, the fractions were diluted for assay with 10 per 
cent PVP and 20 per cent sucrose neutralized to pH 6.8 with 1 m NaOH. The sub- 
strate-buffer mixture was also made up in the PVP-sucrose solution. 


tion was carried out for 10 minutes at 0° in a glass Potter-Elvehjem homog- 
enizer with a plastic plunger. Even after 10 minutes, 10 to 30 per cent of 
the cells were unbroken, although separated from each other and appar- 
ently intact. 


The data from the fractionation procedure are presented in Table III. 
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When the catalase assays were carried out by extraction of the particulates 
with ammonium sulfate, the nuclear fraction contained 26 per cent of the 
activity but was markedly contaminated with whole cells and some mito- 
chondria. The difficulty of rupturing whole cells made it impossible to 
obtain a nuclear fraction free of mitochondria, and the activity of the frac- 
tion appeared to follow the degree of contamination. The mitochondrial 
fraction contained 63 per cent of the activity. This activity is not re- 
moved from the intact mitochondria even after two washings with PVP- 
sucrose. The mitochondria were not clumped and were pleomorphic, rang- 
ing in size from short rods to some whose length was 10 times their width. 
The microsome fraction was nearly free of mitochondria and contained 
only 3 per cent of the catalase activity. The supernatant fraction con- 
tained 19 per cent of the activity, probably due to the longer time and in- 
creased manipulation in this procedure over the direct centrifugation of 
all particulates in one step, as described above. At pH 6.8 even PVP did 
not give complete protection and probably only retarded the rate of release 
of catalase from the mitochondria. It appears from this study that most, 
if not all, of the catalase of the cell lies within the mitochondria. 

When the assays were carried out in PVP-sucrose, the apparent activity 
of the particulate fractions was greatly reduced, whereas that of the super- 
natant fraction was unchanged (Table III). This apparent discrepancy 
between the lack of inhibition of PVP-sucrose on solutions of catalase and 
the marked reduction of activity observed in the particulate fractions can 
most readily be explained by a limitation in the rate at which hydrogen 
peroxide can diffuse through the mitochondrial wall. 

Still further evidence that catalase is not coprecipitated with the mito- 
chondrial fraction was obtained by preparing Fe™®-labeled catalase and 
adding this to a PVP-sucrose homogenate of rat liver. Upon carrying out 
the fractionation procedure in the usual manner, 97.4 per cent of the radio- 
active catalase remained in the supernatant fluid, and only 2.6 per cent 
followed the mitochondrial fraction after a single washing. This is con- 
sidered satisfactory evidence that catalase does not accompany the mito- 
chondria by being adsorbed or precipitated on the mitochondrial wall in 
the presence of PVP. 

Procedure for Isolating Catalase from Mitochondrial Fraction of Rat 
Liver—On the basis of the above findings a simplified isolation procedure 
was developed for the extraction and purification of catalase from a crude 
mitochondrial fraction of liver. Rat liver was perfused with cold 5 per 
cent PVP-8.5 per cent sucrose at pH 6.8, and 40 gm. were homogenized 
for 10 minutes in 360 ml. of 10 per cent PVP-20 per cent sucrose at pH 6.8. 
The homogenate was centrifuged for 15 minutes at 700 X g* to remove 
whole cells and nuclei. The pellet was suspended in 180 ml. of 10 per cent 


4 International refrigerated centrifuge model No. PR-1, No. 269 head. 
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PVP-20 per cent sucrose and recentrifuged. The initial supernatant and 
wash solutions were then centrifuged for 45 minutes at 20,000 xX g2 
The pellets were combined to form the crude mitochondrial fraction. 
This fraction was essentially free of nuclei and nearly free of microsomes. 
Catalase was extracted from the crude mitochondrial fraction by homog- 
enization for 1 minute in a cold Waring blendor with 180 ml. of a cold 
solution containing 220 ml. of ethanol, 35.2 ml. of 1 m acetic acid, and 8.8 
ml. of 1 m Na acetate per liter. This was followed by addition of 20 ml. 
of chloroform and homogenization for 1 minute more. After 2 hours at 


TaBLE IV 
Purification of Liver Catalase 





| Total activity, unitst 














Fraction* Total Nt | “ 
| Without | With 
|PVP-sucrose§ |PVP-sucrose§ 

SO eee a | 
mg. | per cent | | 
| 
NN es se Ss xn does 1056 (100) | 6720 | 1600 
Nuclear, washed once. . eae 184 17 862 | 125 
Mitochondrial, washed once...... 401 38 | 4800 | 569 
Supernatant. .. ea bes awal 374 35 | 1260 | 1141 
; =F ree. ts —— | 
Supernatant, chloroform-alcohol step........................ | 4300 | 4300 
Crude mitochondrial catalase......... ees er) 


* Obtained from 40 gm. of rat liver. 
+ PVP contains nitrogen and was removed by the following procedure: To ali- 
quots of each fraction an equal volume of 10 per cent perchloric acid was added. 
The precipitate was washed six times with absolute alcohol, at which time the absence 
of PVP in the final wash solution was shown by the absence of any absorption at 
240 mu. 

t The same as in Table .. 

§ The same as in Table IIT. 








0° the homogenate was centrifuged at 78,400 X g? for 30 minutes. The 
supernatant fraction contained most of the catalase, and to it were added 
3.6 ml. of 0.5 m sodium sulfate. A precipitate rapidly formed which, after 
1 hour at 0°, was centrifuged off with almost quantitative removal of the 
catalase. This precipitate was then suspended in 4 ml. of 0.1 m NasHPO, 
and dialyzed against two 1 liter changes of 0.1 m NaH2PO, overnight. 
The precipitate which formed on dialysis was centrifuged off, and a super- 
natant fraction of very active catalase of about 50 per cent purity was 


obtained. A summary of the fractionation procedure appears in Table 
IV. 


5 Catalase could readily be crystallized from this fraction by dialysis against a 
solution of 0.15 m NaCl and 0.01 m NaH2PO,. 
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The crude catalase fraction was chromatographed on a calcium phosphate 
gel column (1.0 X 4.0 cm.) similar to that described previously (1), except 
that the gel was adjusted to pH 8.0 and washed with 4 to 5 column vol- 
umes of 0.1 Mm NaH2PQ,. The catalase was allowed to adsorb slowly onto 
the column, and then the column was washed with 4 ml. of 0.1 m NaH2,POx,. 
The column was then connected by tygon tubing to a mixing chamber 
filled with 100 ml. of 0.1 am NaH.PO,, and 0.1 m phosphate buffer at pH 
6.8 was allowed to drip in slowly from a separatory funnel to permit a 
progressive increase in the pH of the buffer in the mixing reservoir (13). 
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FRACTION NUMBER 


Fia. 1. Optical density per ml. (solid line) is plotted for each tube of effluent from 
the column. The absorption of catalase in each tube (solid circles) was calculated 
from the units of activity per ml. by the relationship (ko/k,) X €= optical density, 
on the basis of an ¢e at 407 my of 430,000, obtained from crystalline rat liver catalase, 
and a k,!% of 4.15 X 107, which is the average value of tubes 5 to 24. A continuous 
elution gradient of 0.1 m phosphate from pH 5.2 to 6.8 was established and hourly 
fractions of about 6 ml. were collected. 


The catalase was eluted from the column in a broad single peak, as shown 
in Fig. 1. The activity data in Fig. 1 have been presented by estimating 
the amount of Soret band absorption which would be present if the cata- 
lase of each tube had the average k,*” of 4.15 and a molar extinction co- 
efficient at 407 my of 430,000 by the relationship: (ko/k,) X ¢€ = optical 
density. It will be seen from Fig. 1 that the activity of each tube corre- 
sponds closely to the average k,*” throughout the curve. The recovery of 
catalase from the column was 1550 units of 1600 units put onto the column. 
From these data it is concluded that only a small amount, if any, of the 
less active catalase is present if the catalase is isolated directly from the 
mitochondria. 

In Fig. 2 are presented data from a stepwise elution technique similar 
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to that used previously (1) in order to show that, even with this elution 
method, only small amounts, if any, of the less active catalase are present 
when the enzyme is extracted directly from the crude mitochondrial frac- 
tion. The k,*” for the peak tube of Peak A in Fig. 2 is 4.37 X 10’, and 
for the combined catalase of Peak A it is 4.24 X 10’. Peak B, although 
contaminated with a moderate amount of protein, has a k,*” for the peak 
tube of 4.22 X 10°. The catalase activity of the fractions in Fig. 2 has 
been related to the Soret band absorption on the basis of the average k,4” 





T T T 







2.0F 


OPTICAL DENSITY 














! r 
0 5 10 15 20 25 
FRACTION NUMBER 

Fic. 2. The optical density per ml. at 276 my (broken line) and at 407 my (solid 
line) are plotted for each tube of effluent from the column. The absorption of cata- 
lase in each tube (solid circles) was calculated from the units of activity per ml. on 
the basis of an ¢ at 407 my of 430,000 determined for crystalline catalase and a k,‘® 
of 4.21 X 10’, which is the average value obtained from tubes 6 to 19. The columns 
were washed with 0.1 m NaH2PO, and then eluted with 0.1 m phosphate, pH 5.93 


(Peak A) and 0.1 m phosphate, pH 6.8 (Peak B). Hourly fractions of about 3 ml. 
were taken. 











of 4.18 X 10’. It will be seen that on this basis the activity values fall 
close to the Dy; values through nearly the entire curve. If catalase with 
ak,‘ of 2.7 X 10’ was present, the activity values would drop consider- 
ably below the Do; values. It appears that little of the less active catalase 
was present in the crude mitochondrial fraction and suggests that the less 
active form reported (1) is the result of degradation or alteration of cata- 
lase in the presence of the supernatant fraction. 

Characterization of Mitochondrial Catalase—The peak tube of Peak A 
in Fig. 2 contained 10 per cent of the catalase of the original liver homog- 
enate and had a k,?"* of 4.37 & 10’ based on the molecular weight of 256,000. 
This corresponds to a Kat. f. of 72,000 when calculated from the relation- 
ship Kat. f. = 521 k,/molecular weight (6) and corrected to a temperature 
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of 0° with a temperature coefficient Qo, of 1.1 (14).6 The total catalase 
of Peak A amounted to 30 per cent of the catalase from the original homog- 
enate and had an average k,?"* of 4.09 corresponding to a Kat. f. of 68,000. 
These Kat. f. values, which are uncorrected for bile pigment, compare 
favorably with those reported in the literature for liver catalase from other 
sources (14, 15). 

The method of Lemberg and Legge (16) was used in the determination 
of the bile pigment content of the mitochondrial catalase preparation. It 
was evident from the spectrum of the CO-hemochromogen that a small 
amount of CO-cholehemochromogen was present. This amounted to 
about 10 per cent of the total CO-hemochromogen when corrected for the 
absorption of CO-protohemochromogen at 630 my as suggested by Bonnich- 
sen (17). 

The catalase from the peak tubes of Peak A in Fig. 2 gave a sharp bound- 
ary in the ultracentrifuge’ with an Sz, ~ of 11.24 X 10~“ em. per second 
and had one trace component of less than 2 per cent with a sedimentation 
of about 16. 

Based on the molecular weight of 256,000, mitochondrial catalase from 
rat liver has a molar extinction coefficient at 276 my of 397,000 and at 
407 mu of 430,000. The ratio of absorption at 407 to 276 my (Da7/Ders) 
was 1.085, of Dsi2/Dso7 0.175, and of Do;2/De6 0.65. These ratios have 
beca of great value in determining the purity of catalase preparations. 
For example, a contamination of 1.0 per cent ferritin in a catalase prepara- 
tion will lower the Dsoz/ Dez. ratio to 1.02 and will raise the ratio of Dsi2/ D407 
to 0.23. 


DISCUSSION 


It appears from the present study that most, if not all, of the catalase 
of the liver cell is in the mitochondria and is rapidly released into sucrose 
solutions. Previously reported particulate fractionations of rat liver 
catalase must be reevaluated in the light of this marked elution. Using 
sucrose homogenates, von Euler and Heller (20) reported only 16 to 23 
per cent of the activity in the mitochondrial fraction, whereas Ludewig 
and Chanutin (2) reported 45 per cent. In this report, values ranging 
from 15 to 37 per cent were found. This wide range of values is consistent 
with the above finding of the progressive elution of catalase by sucrose. 


6 The Kat. f. values reported in our previous paper (1) were for a temperature of 
22°. These may be converted to 0° by multiplying by the factor 0.81. 

7 Soo, » determined in a Spinco model E ultracentrifuge at 0.54 per cent protein 
concentration in 0.1 m phosphate buffer at pH 5.7; 4 = 0.1134. For calculation of the 
molecular weight the diffusion constant for catalase (Do) was taken as 4.1 X 107, 
as reported by Sumner and Gralén (18) for beef liver catalase. V.p, the partial 
specific volume, was taken as 0.74, as reported by Deutsch (19). 
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In the present paper it has been shown that the elution of catalase from 
the mitochondria can be markedly reduced by the addition of albumin 
or PVP to the sucrose solutions. 

The physical integrity of the mitochondria is undoubtedly dependent 
upon many factors, including pH, colloidal osmotic pressure, and main- 
tenance of a source of energy-rich phosphate (21). As stated above, PVP 
or albumin only brings about a marked reduction in the rate of catalase 
release. The mechanism by which albumin and PVP retard the release 
of catalase from the mitochondria is not known, but it seems probable 
that it is accomplished by maintaining a colloidal osmotic pressure similar 
to that which would be provided by the soluble proteins of the cell (ef. 
(10, 11)). In view of the high protein concentration which apparently 
exists within the mitochondria (22), a progressive alteration in their struc- 
ture upon removal from their cellular environment is understandable. 
PVP may stabilize other structures, as it has been observed that even whole 
cells are difficult to rupture in PVP-sucrose, especially at pH 6.2. This 
may well provide a means of obtaining separate but intact cells. 

A similar phenomenon has been reported by McClendon and Blinks (10) 
in studies on red algal plastids. They have introduced the use of poly- 
ethylene glycol (Carbowax 4000), with a molecular weight of about 2400, 
to prevent the swelling of plastids and the subsequent release of phyco- 
erythrins. 

In recent years an intensive effort has been made to delineate the réle 
of the mitochondria in the oxidation of fatty acids and tricarboxylic acid 
cycle intermediates and in oxidative phosphorylation. The present find- 
ings indicate that high molecular weight colloids may retain a distribution 
of enzymes and other cellular components among the particulate fractions 
more nearly like that of the intact cell, and emphasize that present concepts 
of the metabolic réle of the mitochondria may still be incomplete. The 
localization of catalase in the mitochondria suggests that its primary func- 
tion is to be found in association with the oxidative processes of these 
particles. The concentration of catalase in the mitochondria is of the 
order of 2 X 10-° m and represents about 1.5 to 2.0 per cent of the protein 
of the mitochondria. 

The isolation of catalase directly from the mitochondria provides a 
method for obtaining liver catalase in high yield from small amounts of 
tissue with specific activities approximating the highest Kat. f. values thus 
far reported for purified liver catalase preparations (14). The high yield 
obtained apparently results from the separation of catalase from the liver 
homogenate while still in its natural state within the mitochondria, thus 
avoiding the degradative processes which appear to occur when the catalase 
is released from the mitochondria into the supernatant fraction. Direct 
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isolation from the particulate fraction is to be recommended as a purifica- 
tion procedure for other enzymes and proteins of the mitochondria. | 


The authors are grateful to Mrs. Bessie M. Watkins for her excellent 
assistance in this work. 


SUMMARY } 


1. Catalase is rapidly eluted from the mitochondria by 8.5 per cent 
sucrose. This elution can be minimized by use of albumin or PVP. 

2. Differential centrifugation studies in 10 per cent PVP-20 per cent 
sucrose indicate that most, if not all, of the catalase is in the mitochondrial | 
fraction. 

3. Evidence that catalase does not accompany the mitochondria by co- 
precipitation was obtained by use of Fe**-labeled catalase, recombination 
experiments, and by comparison of the activity of intact and disrupted 
mitochondria. 

4, A simple method for isolating catalase from the mitochondrial frac- } 
tion of a small amount of rat liver has been presented. Evidence is pre-_ | 
sented that the catalase isolated by this procedure is predominantly of a | 
single highly active form. 
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STUDIES ON CARBOHYDRATE METABOLISM 
IN RAT LIVER SLICES 


VII. EVALUATION OF THE EMBDEN-MEYERHOF AND 
PHOSPHOGLUCONATE OXIDATION PATHWAYS* 
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Several attempts have been made to contrast the relative rates of the 
Embden-Meyerhof and the phosphogluconate oxidation pathways of glu- 
cose metabolism in isolated tissues with glucose-1-C™ and glucose-6-C™ 
as substrates (1-9). The incorporation of C-1 and C-6 of glucose into 
fatty acids has been measured in isolated mammary tissue (5) and liver 
slices (4), and into lactic acid in corneal epithelium (9) and lens (10). 
The oxidation of C-1 and C-6 to CO, has been measured in liver, kidney, 
and diaphragm (1-4) as a means of estimating glucose oxidation to CO. 
via an extraglycolytic pathway. In none of these studies has the total 
glucose utilization of the tissue been measured; nor has an attempt been 
made to relate metabolism via the various pathways to total substrate 
catabolized. In the present study, rates of oxidation of C-1 and C-6 of 
glucose have been determined, as well as incorporation of C-1 and C-6 
into lactic acid. The quantity of glucose oxidized in relation to the total 
amount of this substrate metabolized by liver slices has also been measured 
in an attempt to estimate the extent to which glucose-6-phosphate is 
oxidatively decarboxylated, compared with the extent to which it is me- 
tabolized via the Embden-Meyerhof glycolytic reactions. 


Materials and Methods 


Animals—Male albino rats of the Wistar strain weighing between 250 
and 300 gm. were used. Such animals from our colony were maintained 
on Purina laboratory chow ad libitum. The rats were sacrificed by ex- 
sanguination under Amytal anesthesia, and the livers were rapidly re- 
moved, chilled, and sliced with a Stadie slicer. Slices were weighed on a 
Roller Smith torsion balance and placed in oxygenated buffer. 

Media and Substrates—Three media of varying ionic composition were 
used: (1) a medium of approximately intracellular cationic composition 

* This work was supported in part by the United States Atomic Energy Commis- 
sion and the Eugene Higgins Trust, through Harvard University. 
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containing K = 110, Ca = 10, Mg = 20, Cl = 130, and HCO; = 40 
mmoles per liter (designated K = 110); (2) Ringer-bicarbonate medium 
containing K = 5, Ca = 1, Mg = 0.5, Na = 121, HCO; = 25, and Cl = 104 
mmoles per liter (designated Ringer-HCO;); and (3) phosphate buffer 
containing PO, = 40, Na = 88, Mg = 5, Cl = 18 mmoles per liter, pH 
7.4 (designated phosphate). Media 1 and 2 were equilibrated with 95 
per cent O.-5 per cent CO, for aerobic and 95 per cent N2-5 per cent CO», 
for anaerobic studies. The final pH in the presence of liver slices was 7.4 
for medium 1 and 7.2 for medium 2. Tissues were incubated in Erlen- 
meyer flasks with center wall and side port. Glucose-C' (1) was added 
to these media at a concentration of 10 mmoles per liter unless other- 
wise noted. In comparative experiments, glucose-1-C™ and -6-C™ of the 
same initial specific activity (3.4 X 10° c.p.m. per mmole) were used. 

Methods—Initial and final glucose concentrations in the medium were 
determined by the method of Nelson (11), and the C™ content was calcu- 
lated from the specific activity of the glucosazone formed from an aliquot 
of the initial medium. Glucose utilization was calculated from the C™ 
data as previously described (12). 

CO, was determined by the method of Bloom, Stetten, and Stetten (1). 
At the end of the incubation period, CO.-free alkali was added through 
the flask stopper into a center well, the medium was acidified with 1 Nn 
H2SO,, and the CO. absorbed. The contents of the center well were diluted 
to 10 ml., and the CO, content of an aliquct was determined by Van Slyke 
analysis and the specific activity by plating and counting as barium carbon- 
ate. Proportional gas flow counters were used and all samples corrected 
to a standard self-absorption of 5 mg. (13). In some experiments in which 
only the specific activity of the CO. was determined, 1 ml. of medium was 
withdrawn at the end of the incubation, acidified with 1 n H,SO,, and the 
evolved CO, collected in CO.-free alkali. 

An aliquot of the medium was deproteinized with trichloroacetic acid 
(TCA) and lactic acid determined colorimetrically by the method of 
Barker and Summerson (14). Carrier lactic acid was added to the rest 
of the medium and the protein precipitated with TCA. Lactic acid was 
isolated from the supernatant fluid by passage through an ion exchange 
column (9). The lactate fraction was oxidized to acetaldehyde (15) and 
collected and counted as the dimedon derivative. 


Results 


The metabolism of glucose-1-C' by rat liver slices incubated in the 
three different ionic media is summarized in Table I. Net glucose pro- 
duction by the liver slice, labeled glucose utilized, and labeled glucose 
oxidized are expressed as micromoles of glucose per gm. of wet liver per 
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90 minute incubation. There was essentially no change in glucose con- 
centration in the medium when the K = 110 medium was used. How- 
ever, in the Ringer-HCO; medium and in the phosphate medium, glucose 
production was in excess of 150 wmoles per gm. per 90 minutes, indicating 
that the glucose concentration in the medium was increased 3- to 4-fold 
during the course of the incubation. Glucose utilization calculated from 
the loss of C'*-glucose from the medium was essentially the same in the 
potassium and the Ringer-bicarbonate media. These observations on the 
metabolism of differentially labeled glucose are in accord with results 
previously obtained from this laboratory with uniformly labeled glucose 
(12). The oxidation of glucose was greatest in the potassium medium 
and least in the phosphate medium, the quantity of glucose oxidized when 


TaB.Le I 


Metabolism of Glucose (20 Mmoles per Liter) by Rat Liver Slices Incubated 
in Media of Various Ionic Compositions 


All values are expressed as micromoles per gm. per 90 minutes. 








Medium | amma Label salou | "aa | ae 
| 

K = 110 5 | 1c | +5.6 70 + 1.7 | 6.2 + 0.85 
5 | 6CcH | +6.1 | 554 3.1 | 4.1 4 0.71 
Ringer-HCO; | 4 1-C4 | +184 | 67 + 12 3.7 + 0.96 
4 6-C4 | +4177 | 63+ 4.8/1.8 40.17 

Phosphate 2 1-C% | +160 0.25 

2 6-C% | +156 0.07 














liver slices were incubated in phosphate buffer being less than 10 per cent 
that observed with a bicarbonate buffer. When glucose was labeled in 
C-6, less C“O, was recovered than when C-1 labeling was employed. 

The per cent of added C™ derived from differentially labeled glucose 
which was recovered as C“O, during the incubation of liver slices in the 
three media is reported in Table II. Although the percentage of C™ ap- 
pearing as CO» varied from 1.0 to 5.4 per cent, the oxidation of C-1 relative 
to C-6 in any one medium remained rather constant from rat to rat. The 
oxidation of glucose measured by this method was much the same in the 
potassium and Ringer-HCO; media but was depressed in the phosphate 
medium. In all cases oxidation of C-1 was greater than oxidation of C-6. 
The increased oxidation of C-1 over C-6 was most pronounced in the phos- 
phate medium. 

The total CO, present during incubation of liver slices in bicarbonate 
buffer remains rather constant, owing to the small quantity of CO. pro- 
duced by the tissue relative to that present in the buffer system. CO, 
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readily equilibrates between the gas and the medium. 
designed to determine the rate of C-1 and C-6 oxidation, liver slices (1000 
mg., wet weight) were incubated with 15 ml. of Ringer-HCO; medium 


CARBOHYDRATE METABOLISM IN LIVER. 


TaBLeE II 
Glucose Oxidation by Rat Liver Slices Incubated in 
Media of Various Ionic Compositions 


The per cent of the added glucose-C' (10 mmoles per liter) recovered as CO: 
per 500 mg. of wet liver is calculated for carbons 1 and 6 of glucose. 


VII 


In experiments 






































Per cent of added C™ recovered as COz | 
Rat No. Ratio 6-C™:1-C™ 

glucose-1-C™ glucose-6-C™ | 

{ 

Potassium medium, 90 min. incubation 
1 1.95 1.72 0.88 
2 2.90 2.62 0.69 
3 2.68 2.20 0.82 

Potassium medium, 180 min. incubation 
4 5.41 3.72 0.68 
5 5.31 4.01 0.75 
6 5.20 4.53 0.87 
Ringer-bicarbonate medium, 180 min. incubation 
7 2.85 2.15 0.75 
8 1.63 1.43 0.88 
9 2.13 1.58 0.74 
10 4.50 3.10 0.69 
ll 3.60 2.50 0.69 
12 2.00 1.70 0.87 
Phosphate buffer medium, 180 min. incubation 

13 1.40 0.70 0.50 
14 2.90 1.31 0.45 
15 1.52 0.88 0.58 
16 2.94 1.20 0.41 











containing glucose-1-C* (10 mmoles per liter) in one flask and glucose-6-C™ 
(10 mmoles per liter) in the other. At measured intervals, 1 ml. of medium 
was withdrawn from the flask through a side port sealed with heavy wall 
rubber tubing and its volume replaced with 1 ml. of 95 per cent O,-5 per 
cent CO.. The specific activity of the CO, in the medium withdrawn was 
determined. Since the initial glucose employed in both flasks was of the 
same specific activity, plots of the specific activity of CO, in the medium 
against time should reflect the rates of C-1 and C-6 oxidation (Fig. 1). 
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C-1 of the glucose molecule was oxidized at a rate approximately twice 
that of C-6. 

It has previously been noted that, in tissues containing an active direct 
oxidative pathway, C-1 and C-6 of glucose contribute unequally to lactate 
and fatty acids (9, 5). We, therefore, incubated glucose-1-C™ and -6-C™ 


> a a 


- N 





3 
SPACTIVITY GO, (CPM/mM x IO ) 


60 120 180 
TIME (min) 

Fig. 1. Oxidation of glucose-1-C'(O) and glucose-6-C(@) to COz by rat liver 
slices incubated in a Ringer-bicarbonate medium. The specific activity of the me- 
dium CO: is expressed as counts per minute per millimole X 10% determined at 60, 
120, and 180 minutes. Each curve represents the mean of three experiments. 


TaBLeE III 
Incorporation of Carbons 1 and 6 of Glucose into Lactic Acid by Rat I iver Slices 
The liver slices were incubated aerobically and anaerobically in a Ringer-bicarbo- 
nate medium for 3 hours at 37° with glucose (10 mmoles per liter) as the added sub- 


strate. The per cent of the added glucose-C™ recovered as lactic acid is calculated 
per gm. of wet liver. 





Lactic acid ae umoles per | Per cent of — C* to lactic 
: gm. per 3 hrs. aci 
a Ratio, 6-C™:1-C™ 





1-C™ 6-C4 1-CM 6-C4 





Anaerobic incubation 





19 19 | 0.61 0.74 





1 1.21 
2 27 27 0.93 0.93 1.00 
3 23 27 0.93 0.89 0.96 
4 31 34 1.03 1.25 1.20 








Aerobic incubation 





1 21 21 1.32 1.27 0.96 
2 22 28 1.22 1.68 1.37 
3 20 19 1.07 1.29 1.20 
4 29 22 2.10 2.30 1.10 
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with liver slices under aerobic and anaerobic conditions, isolated the lactic 
acid produced, and determined its C' content (Table III). Under anaero- 
bie conditions the only pathway of metabolism available is presumably 
that of glycolysis. This assumption is further strengthened by our failure 
to detect formation of CO, under anaerobic conditions. Our data indicate 
that C-1 and C-6 of glucose contribute almost equally to lactic acid under 
both aerobic and anaerobic conditions. 


DISCUSSION 


After phosphorylation to glucose-6-phosphate, glucose may (1) be con- 
verted to glycogen, (2) be glycolyzed, (3) be metabolized via the phospho- 
gluconate oxidation pathway, or (4) be hydrolyzed to glucose and inorganic 
phosphate. When the utilization of C™-labeled glucose is determined in 
liver slices, only glucose proceeding via the first three pathways is meas- 
ured. In experiments in which glucose-1-C'* was employed, one may 
assume that the maximal amount of glucose metabolized via the phospho- 
gluconate oxidation pathway is equal to the number of moles of C™Q: pro- 
duced, since C-1 of glucose is lost in the conversion of phosphoketogluconic 
acid to ribulose phosphate. The amount of glucose-1-C™ metabolized via 
the Embden-Meyerhof pathway may therefore be estimated thus: total 
glucose utilized — (glucose to glycogen + glucose to COs). Approxi- 
mately 50 per cent of the glucose utilized appears as glycogen in the K 
medium, but only 12 per cent of the glucose utilized appears as glycogen 
in the Ringer medium (12). If one applies these assumptions to the data 
in Table I, it becomes apparent that a maximum of only 11 per cent of the 
glucose utilized can proceed via the phosphogluconate oxidation pathway, 
while 41 per cent is metabolized via the Embden-Meyerhof pathway when 
the potassium medium is employed, and 5.5 and 82 per cent, respectively, 
in the Ringer medium. 

It is unlikely that all of the C-1 of glucose appearing as CO, is derived 
via the phosphogluconate oxidation pathway. If one assumes that all of 
the C-6 is oxidized via the citric acid cycle and that an equal quantity of 
C-1 is also oxidized via this route, then the minimal number of glucose mole- 
cules proceeding via the direct oxidative pathway would be represented 
as follows: (moles of C-1 C“O.) — (moles of C-6 C“O.). Thus it may be 
calculated that a minimum of 3.2 per cent of the glucose utilized is metabo- 
lized via the direct oxidative pathway in the potassium medium and 3.5 
per cent in Ringer’s solution. 

The data in Table I strikingly demonstrate the fact that, in liver slices, 
the oxidation of glucose to carbon dioxide represents only a small fraction 
of the glucose utilized. From these studies with tissue slices, it would 
appear that, in liver, most of the glucose metabolized is not directed to 
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the aerobic pathways but rather is utilized by other mechanisms. Similar 
conclusions have been reached by Bernstein et al. (16) in experiments with 
intact rats. 

The per cent of glucose metabolized via the Embden-Meyerhof or phos- 
phogluconate oxidation pathways may also be calculated from the relative 
incorporation of C-1 and C-6 of glucose into lactic and fatty acids. Abra- 
ham e¢ al. (5) have found that 11 per cent of added C-1 as compared with 
26 per cent of C-6 was incorporated into fatty acids by mammary slices. 
They have assumed that all of the C-1 incorporated must have arisen via 
the Embden-Meyerhof pathway, while 26 — 11, or 15 out of 26, molecules 
are metabolized via a non-glycolytic route. Similar calculations have 
been applied to lactic acid formation to estimate the extent of a non- 
glycolytic pathway in lens and corneal epithelium (9). In the present 
experiments we have found that 1.43 per cent of the added C-1 appears 
as lactate, while 1.63 per cent of C-6 is converted to lactic acid. This 
would suggest that 20 out of 163, or 12 per cent, of the molecules were 
metabolized via a non-glycolytic pathway. However, under anaerobic 
conditions presumably only a glycolytic pathway is operating. In this 
case we find essentially the same C-6:C-1 ratio as under aerobic conditions. 
This can be interpreted to mean either that no carbons of glucose are 
metabolized to lactic acid other than via a glycolytic route or that the 
method employed is not sensitive enough to detect the small amounts of 
triose phosphate produced by the phosphogluconate oxidation pathway. 

Bloom and Stetten have measured the incorporation of C-1 and C-6 
of glucose into fatty acids in rat liver slices incubated in Krebs-Ringer 
bicarbonate buffer. From their data, a ratio of C-1:C-6 incorporation in- 
to fatty acids has been calculated. The average of six ratios so obtained 
was 0.86. This we have interpreted to mean that an average of 86 per 
cent of the glucose metabolized to fatty acid was derived glycolytically 
and 14 per cent via an extraglycolytic pathway. These values are in 
essential agreement with our data on lactic acid formation in liver slices. 

Although there is no doubt that a direct oxidative pathway of glucose 
metabolism is demonstrable in rat liver slices, the glycolytic route appears 
to be the major pathway for glucose metabolism. 


SUMMARY 


The extent to which glucose is metabolized in vitro by glycolytic and 
non-glycolytic routes in rat liver slices has been estimated from the me- 
tabolism of glucose-1-C' and -6-C'. Our data indicate that under the 
conditions of our experiments a maximum of 11 per cent and a minimum 


of 3.2 per cent of the glucose utilized are metabolized via a non-glycolytic 
pathway. 
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Experiments with thymidine-N'® by Reichard and Estborn (3) have 
demonstrated an incorporation of the deoxyriboside into deoxyribonucleic 
acid (DNA), characterized by a singular lack of diversion of isotope to 
ribonucleic acid. Further studies with thymidine-C" described here and 
in an accompanying manuscript (4) have been done with the hope that 
thymidine may prove to be a unique probe for uncovering the yet unknown 
intermediates and enzymes involved in the biosynthesis of DNA. In this 
paper the incorporation of thymidine-C" into the DNA of chick embryos 
and chorio-allantoic membranes is reported for a variety of conditions. In 
an accompanying paper (4) uptakes of thymidine by bone marrow cells and 
isolated thymus nuclei are described. 


Methods 


Preparation of Thymidine-C'\—Thymine-2-C™ deoxyriboside was _ pre- 
pared by enzymatic reaction between thymine-2-C™ (3 ue. per umole)! and 
deoxyribose-1-phosphate (5). The Robinson internal flow counter (gas, 90 
per cent argon, 10 per cent methane) was used for measurement of radio- 
activity (6). The background count was low, 5 to 8 ¢.p.m. In most of 
the experiments no correction was made for self-absorption except when 
specified. 

Chick Embryo Experiments in Vivo—Embryonated eggs (New Hamp- 
shire) were obtained from a commercial source and maintained in a humid 
chamber at 38°. The following procedure was used to inject radioactive 
solutions into eggs: An egg was first swabbed with 70 per cent ethanol. A 


* This investigation was supported in part by a research grant (C-2166) from the 
National Cancer Institute, United States Public Health Service. Preliminary re- 
ports on some of the data presented have been made (1, 2). In these studies the 
labeled carbon of the aglycone, thymine, is all that is known to be incorporated into 
deoxyribonucleic acid. Although no evidence is offered for incorporation of the 
entire deoxyriboside, thymidine, the simplifying assumption is made that this oc- 
curs. 

+ Supported by a Jackson-Johnson Student Research Fellowship. 


1 Thymine-2-C" was prepared by the Southern Research Institute, Birmingham, 
Alabama. 
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small hole was drilled into the blunt end of the egg to allow the chorio- 
allantoic membrane to drop down away from the shell with the escape of 

air from the air sac. A small hole was cut into the shell directly over the 

embryo, 50 ul. of radioactive solution were pipetted onto the chorio-allan- 

toic membrane, and the opening was then sealed with tape. The egg was 

not turned thereafter. 

At the end of the incubation period the embryo was removed from the 
egg, freed of adhering membranes, washed with ice-cold 0.9 per cent NaCl, 
blotted, weighed, placed on a small disk of filter paper, and finally dropped 
into liquid nitrogen for storage. The age (in days) and average wet weight 
(in gm.) of embryos used in this study were as follows: 7, 0.51; 8, 0.82; 9, 
1.15; 10, 1.63; 11, 2.27; and 12, 2.90, respectively. 

For studies in vitro embryos were removed from eggs, washed and freed 
of adhering membranes in iced Tyrode’s medium, blotted, and weighed. 
Each embryo was put into a 10 ml. syringe with the needle removed and 
then forcibly ejected through the nozzle into a 25 ml. Erlenmeyer flask. 
The flask was clasped in a plastic carrier which was shaken 100 times per 
minute at 38°. 

Method 1. Isolationof DNA Fraction for Counting—A modified Schmidt 
and Thannhauser procedure (7) was used: Each embryo was homogenized 
in 70 per cent ethanol, centrifuged, extracted with ethanol-ether (3:1), 
suspended in 2 ml. of 1 n NaOH, and then allowed to dissolve by standing 
overnight at 38°. DNA protein was precipitated by the addition of 3 ml. 
of 3 per cent HCI1O, plus 0.2 ml. of 12 nN HCl, washed with 3 per cent HC1O,, 
and redissolved in 0.8 N NaOH. A small amount of alkali-insoluble mate- 
rial was centrifuged and discarded. DNA protein was reprecipitated and 
washed as above and, in addition, given a final wash with cold absolute 
ethanol. The washed residue was dried in vacuo at room temperature and 
dissolved in 1 or 2 ml. of 1.5m NH,OH. A 70.5 ul. aliquot of the ammoni- 
acal solution was pipetted onto a copper planchet for counting. 

An average of 5.75 mg. of DNA protein was obtained per gm. (wet 
weight) of embryo. Thus for an embryo weighing 1.0 gm., with the DNA 
protein dissolved in 1.0 ml. of 1 m NH,OH, and an aliquot of 70.5 yl. taken 
for counting, the dried sample contained 0.515 mg. per sq. em. and counted 
85 per cent of the maximum due to self-absorption. 

Method 2. Isolation of Thymidine from Acid-Hydrolyzed DN A—A modi- 
fied Weed and Wilson procedure (8) was used. (a) Ammoniacal DNA 
protein from Method 1 was made 1 Nn with respect to HCl and heated for 
1 hour at 100° in a stoppered tube. Thymidylic acid (nucleoside diphos- 
phate (9)) thus formed was adsorbed on Dowex 1 at pH 10 and eluted from 


2 We are very grateful to Dr. Irene Lowe for advice about procedures used for in- 
jecting embryonated eggs. 
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the ion exchange resin with 0.1 N HCl. The acid eluate was evaporated 
to dryness and treated with intestinal phosphatase (2 to 4 mg. of crude 
powder from calf mucosa, Armour and Company) at pH 9.0. (6) Isopro- 
pyl alcohol was added to the incubation mixture, the denatured protein 
was centrifuged, the solvent was evaporated, and then the residue was 
applied to Whatman No. 1 paper for chromatography with butanol-H,O- 
NH,OH (10). Thymidine, R;- 0.5, was eluted with H:O; one aliquot was 
pipetted onto a copper planchet for counting and another aliquot was di- 
luted with 0.1 x HCl for spectrophotometric analysis. 

Method 3. Isolation of Thymidine from Deoxyribonuclease-Treated DNA 
—The ammoniacal solution of DNA protein from Method 1 was either 
evaporated to dryness or adjusted to pH 7 with HCl, treated with deoxyri- 
bonuclease (crystalline pancreatic enzyme, Worthington Biochemical Cor- 
poration) with a trace of MgCl. added, adjusted to pH 9, and finally treated 
with intestinal phosphatase. Thymidine was then isolated from this mix- 
ture by Method 2, b. 

Method 4. Isolation of Ribonucleic Acid Components—The HC1Q, solution 
of ribonucleotides resulting from the alkali treatment-acidification steps of 
Method 1 was adjusted to pH 8 by the addition of solid Ba(OH),» with con- 
stant shaking. The barium salts of the nucleotides were precipitated by 
the addition of 4 to 5 volumes of 95 per cent ethanol (11) and then treated 
with intestinal phosphatase for 5 to 8 hours (constant shaking). Inorganic 
barium salts and denatured protein were precipitated by the addition of 
isopropyl! alcohol and the solvent containing a mixture of nucleosides was 
evaporated to dryness. The residues were taken up in 1 ml. of 1 n HCl, 
heated for 1 hour at 100° in stoppered tubes, and then applied to Whatman 
No. 1 paper for chromatography with the tert-butyl aleohol-HCI-H,0 sol- 
vent of Smith and Markham (12). This resulted in a good separation of 
guanine, hypoxanthine, cytidine, and uridine. These components were 
eluted from the paper with H.O and then analyzed. 


Results 

Incorporation in Vivo of Thymidine-C™“ into DNA of Chick Embryos— 
When thymidine-C" was pipetted onto the chorio-allantoic membranes of 
8 day embryonated hens’ eggs, Fig. 1, the embryonic tissue showed a high 
utilization of thymidine for DNA synthesis, approximately 2 y of thymi- 
dine per embryo per hour (a minimal value uncorrected for self-absorption 
and for some loss of DNA during isolation). If it is assumed that thymi- 
dine is 22 per cent of DNA, the above rate would be equivalent to 9 y of 
DNA synthesized per embryo per hour. During the period of 8 to 9 days 
the rate of synthesis of DNA in the white Leghorn chick embryo (13) is 
approximately 35 y of DNA per embryo per hour. If a similar rate obtains 
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in the present study, a minimum of one out of every four thymidine com- 
ponents of DNA came from the thymidine-C™ added. 

Specific Activities of Thymidine Isolated from Chick Embryo DNA—The 
DNA of embryos taken from embryonated eggs which had been injected 
with thymidine-C™ was degraded to deoxyribonucleosides. In Table I the 
relative specific activity of DNA thymidine obtained from embryos incu- 
bated for 17 hours was 6.3 per cent and for 42 hours, 8.9 per cent. 

Lack of Incorporation of Radioactivity into Ribonucleic Acid of Embryos 
Incubated with Thymidine-C'\—8 day embryonated eggs were injected with 
thymidine-C" (2.5 umoles, 119,000 ¢.p.m., in 50 wl. of H2O) and incubated 
for 67 hours. Thymidine isolated from the DNA by Methods 1 and 2 had 
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Fig. 1. The incorporation in vivo of thymidine-C™ into the DNA of 8 day chick 
embryos. Thymidine (2.52 umoles in 50 ul. of H2O, 119,000 c.p.m.) was pipetted onto 
the chorio-allantoic membrane of embryonated hens’ eggs. DNA was isolated for 
radioactivity measurements by Method 1. 
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a relative specific activity of 5.7 per cent, whereas ribonucleic acid com- 
ponents isolated by Method 4 (guanine, hypoxanthine, cytidine, and uri- 
dine) showed only traces of radioactivity. Similar results were obtained 
when embryonic minces were incubated with thymidine-C“. These data 
with thymidine-C™ in chick embryos are in agreement with those of Reich- 
ard and Estborn (3) who used thymidine-N® as a tracer of DNA biosyn- 
thesis in the rat. 

Lack of Incorporation of Radioactivity into DNA of Embryos Incubated 
with Thymine-2-C'\—Thymine-2-C" (1.7 umoles, 81,400 ¢.p.m.) in 50 ul. of 
H.O was pipetted onto the chorio-allantoic membranes of 7 day embryo- 
nated hens’ eggs. After 17 hours of incubation no radioactivity could be 
detected in the embryonic DNA (Method 1) and after 42 hours approxi- 
mately 0.1 per cent of the radioactivity initially present was incorporated 
into the DNA. Under the same conditions with thymidine-C* as a pre- 
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cursor, after 17 hours, 10.1 per cent and, after 42 hours, 17.5 per cent of 
the deoxyriboside initially added were incorporated into DNA. Similar 
results were obtained when embryonic minces were incubated with thymine- 
2-C%, These data are in accord with the early findings of Plentl and 
Schoenheimer (14) who reported that thymine-N" is not a precursor of 
DNA in the rat. More recently Holmes, Prusoff, and Welch (15) have 
found very slight utilization of thymine-C“ for DNA synthesis in the rat. 

Studies of Thymidine-C“ Incorporation into DNA of Chorio-Allantoic 
Membranes in Vivo and in Vitro—The chorio-allantoic membrane is a very 


TABLE I 
Specific Activity of Thymidine Isolated from Chick Embryo DNA 
Thymidine-C* (1.69 nmoles; 82,300 ¢.p.m. in 50 ul. of HO) was pipetted onto the 


chorio-allantoic membranes of 7 day embryonated hens’ eggs. See Method 2 for the 
procedure followed for the isolation of thymidine from DNA. 








Incubation time with tracer yet pam Beg ry | Relative specific activity* 

hrs. c.p.m. per pmole per cent 
3.3 480 0.99 
495 1.02 
4.2 948 1.95 
300 0.62 
6.7 1100 2.27 
1710 3.52 
17 3020 6.23 
3100 6.39 
42 4310 8.89 











* (Specific activity of isolated DNA thymidine)/(specific activity of thymidine 
initially added) X 100. 


rapidly growing tissue at early stages of development in the embryonated 
egg (16, 17); therefore, the incorporation of thymidine-C™ into membrane 
DNA was investigated. After 66 hours of incubation with thymidine-C™ 
the membrane utilized 115 y of the deoxyriboside (28 per cent of the thymi- 
dine initially added) for DNA synthesis. The thymidine isolated from the 
membrane DNA by Method 3 had a relative specific activity of about 30 
per cent. 

In a series of experiments in vitro with detached chorio-allantoic mem- 
branes a variety of conditions affecting thymidine incorporation into DNA 
were studied (Table IT). Incubation at 0° completely blocked incorpora- 
tion; this is further evidence that the incorporation is a metabolically 
dependent process not involving a non-specific adsorption of thymidine-C™ 
by nucleoprotein. Lack of inhibition by dinitrophenol at 5 X 10° m sug- 
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gested that the incorporation of thymidine-C" into DNA is not dependent 
on aerobic phosphorylation; however, the possibility remains that dinitro- 
phenol cannot penetrate the membrane. The necessity of constant shaking 
of incubation flasks for thymidine uptake into DNA suggests that DNA 
biosynthesis may be dependent on aerobic glycolysis; however, the localized 
accumulation of lactic acid in quiescent incubations may also be a factor. 
The inhibitory action of NaF can be explained in terms of its known effect 
in glycolysis. NaF may also be inhibitory to Mg**-dependent reactions 
directly involved in DNA synthesis. Aureomycin had no effect on thymi- 


TABLE II 
Effects of Various Conditions on Incorporation in Vitro of Thymidine into 
Chorio-Allantoic Membrane DNA 
Chorio-allantoic membranes were incubated in 2 ml. of Tyrode’s medium plus 
100 y of thymidine-C™ (200 c.p.m. per y) for 4 hours at 38° with shaking. The reac- 
tions were stopped by the addition of 25 ml. of 95 per cent ethanol. Denatured 
membranes were washed with 70 per cent ethanol and then homogenized and ex- 
tracted according to Method 1. The DNA protein residue obtained by Method 1 
was taken up with 262 wl. of 15 m NH,OH. A 62 gl. aliquot was taken for counting. 











aos 1 Experimental conditions erry 

c.p.m. 

1 Control (7 day membrane) 253, 234 

2 + Aureomycin (5 y per ml.) | 262, 386 

- + dinitrophenol (5 X 1075 m) 295, 275 
Flasks kept on ice with no shaking 4,0 

2 Control (8 day membrane) 355, 351 

“ + NaF (0.02 m) 45, 94 

Flasks at 38° but not shaken 23, 39 








dine uptake into DNA; it was added to test for the possibility that bacte- 
rial contamination and thus uptake of thymidine into bacterial DNA might 
be a factor in the 4 hour incubations of chorio-allantoic membranes. 

In other experiments a final concentration of approximately 40 y of 
thymidine per ml. was found to yield optimal incorporation into DNA. 
The addition of embryonic homogenates did not increase thymidine uptake 
by chorio-allantoic membranes. Inosine, 50 y per ml., and colchicine, 2.3 
¥ per ml., showed no effects. Uptake of thymidine into DNA by yolk sac 
tissue in vitro also occurred. 


Experiments with Minced Chick Embryo in Vitro 





Thymidine Uptake As Function of Time—Initial experiments aimed at 
demonstrating an incorporation in vitro of thymidine-C™ into DNA were 
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done with mashes of chick embryo by simply squeezing an embryo between 
two glass slides. It was then found that a simpler and more reproducible 
procedure was to eject forcibly an embryo through the nozzle of a syringe. 
Any further disruption such as more complete homogenization in glass tubes 
with close fitting pestles yielded inactive preparations. The radioactivity 
in DNA of minced chick embryo incubated with thymidine-C™ increased 
linearly for periods up to 4 hours. 

Thymidine Uptake As Function of Concentration—In Fig. 2 the optimal 
thymidine concentration for uptake into DNA is shown to be approximately 
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Fic. 2. Effect of initial thymidine-C" concentration on amount incorporated into 
embryonic DNA. Each incubation mixture containing one minced 11 day embryo 
(average wet weight, 2.27 gm.), thymidine-C™ (2820 c.p.m. per y), and 2.0 ml. of 
Tyrode’s medium was shaken for 4 hours at 38°. Each value (vertical axis) is for a 
separate embryo and in each case the radioactivity recorded is present in the actual 
sample counted (7.05 per cent of total C“ incorporated). The reactions were stopped 
by the addition of 20 ml. of absolute ethanol and, after two 10 ml. washes with etha- 
nol, Method 1 was applied. O, radioactivity of sample counted; @, calculated 
radioactivity, assuming an endogenous pool of thymidine (see foot-note 3). 


35 y per ml., a value similar to that obtained with the chorio-allantoic 
membrane. 

The saturation curve obtained when the initial concentration of thymi- 
dine-C" is increased can be interpreted in two ways: either the uptake of 
thymidine into DNA is actually increased or it remains constant, in which 
case the saturation curve is the result of differences in specific activity of 
thymidine due to a mixing of endogenous and added thymidine-C™. It 
can be calculated’ that an average endogenous thymidine pool of 8 y and 

3C = (S;)(T;) and S; = ((Ta)(Sa)/(E + T.)). C, total counts per minute incor- 
porated into DNA; S;, specific activity of thymidine incorporated, counts per min- 
ute per microgram; 7’;, micrograms of thymidine incorporated into DNA (assumed 
to remain constant while initial thymidine-C™ concentration is varied); 7, micro- 
grams of thymidine-C™ added; S,, specific activity of thymidine added, 2820 ¢.p.m. 
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a constant uptake of 2.8 y of thymidine per 4 hours into DNA would yield 
a saturation curve similar to, but not identical with, that obtained (see 
Fig. 2). In a similar experiment in which the initial concentration of 
thymidine-C™ added was varied from 0.2 to 26 y per ml. with minced 8 
day embryos (3 hour incubation), a similar saturation curve was obtained 
and again it was calculated that an endogenous thymidine pool of 6.1 y and 
a constant uptake of 2.4 y of thymidine into DNA could possibly explain 
the data. 

An experiment with Aminopterin indicated that the endogenous pool 
could not be as high as 6 to8 y .. Aminopterin up to as high as 126 y per 
ml. does not block thymidine-C™“ uptake into DNA during 2 to 4 hour 
incubation periods. Aminopterin at low concentrations, 1 y per ml., blocks 
conversion of uracil deoxyriboside to thymidine of DNA (18), presumably 
the main pathway of endogenously formed thymidine. 

Minced embryos (7 days, average weight 0.5 gm.) were incubated in 2.2 
ml. of Tyrode’s medium for 2 hours with shaking at 38°. Each flask con- 
tained thymidine-C™ at a very low final concentration of 0.24 y per ml. 
(1830 ¢.p.m. total). Control flasks (in quadruplicate) yielded an uptake 
value (c.p.m. in total DNA) of 440, whereas in the presence of Aminopterin 
(final concentration, 67 y per ml.) the uptake value was 663. Thus, al- 
though there was an increased uptake of thymidine-C"™ in the presence of 
Aminopterin, there was not the increase expected if the endogenous pool 
of thymidine had been 6 to 8 y; the above experiment indicates a pool size 
of 0.3 7. 

It is therefore concluded that the endogenous pool of thymidine is very 
low and that the increased uptake of thymidine with increased concentra- 
tion is due to an absolute increase of thymidine incorporation into DNA. 
Presumably at low concentrations of thymidine the enzymes involved in 
DNA synthesis are not saturated. 

Thymidine Uptake As Function of Embryo Age—The data in Fig. 3 indi- 
cate the marked change of uptake (micrograms of thymidine per gm., wet 
weight, of embryo) which occurs with increasing age of embryo. 4 day 
embryos had a thymidine uptake 10 times as high as 10 to 11 day embryos. 
The same marked difference was evident in the specific activities of thymi- 
dine isolated from the DNA of embryos of different ages (see Fig. 4). The 
other deoxyribosides, those of adenine, guanine, and cytosine, showed only 
traces of radioactivity. 

On the basis of constancy of DNA per nucleus, DNA levels in embryos 





per y; E, micrograms of endogenous thymidine pool (assumed to remain constant 
while initial thymidine-C™ concentration is varied). Sample calculation as follows: 
If E = 8, T; = 2.8, and T, = 100, C = ((100 X 2820)/(100 + 8)) X 2.8 = 7300 ¢.p.m. 
For an aliquot (7.05 per cent of total) C calculated = 515 c.p.m.; C found (Fig. 2), 
535. 
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have been used by several workers as a measure of multiplicative growth 
rates (19,20). If DNA thymidine does not turn over and if nuclear dupli- 
cation involves DNA synthesis with thymidine as a precursor, then the rate 
of label uptake depends on the number of nuclear divisions per unit time 
and not simply on the number of nuclei. Growth parameters depending 
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Fia. 3. The effect of embryo age on thymidine-C™ incorporation into DNA. 
Each embryo was first weighed and then ejected from a syringe into a chilled incu- 
bation flask. Exactly 3 volumes of Tyrode’s medium containing 33.3 y of thymidine- 
C™ (2820 ¢.p.m. per y) per ml. were then added. The incubation time was 2 hours 
at 38°. ©, whole embryo; A, embryo body minus the head; @, embryo head alone. 
Thirty-six 4 day embryos weighing a total of 0.24 gm. were collected for one incuba- 
tion flask. About forty 6 day embryos were collected, weighed, and distributed to 
three flasks (between 0.8 to 0.9 gm. per flask). Note that incorporation is expressed 
as micrograms of thymidine per gm. of tissue wet weight. All values are corrected 
for self-absorption. See Fig. 2 for the procedure followed after termination of incu- 
bation. 

Fig. 4. Specific activities of thymidine isolated from DNA of embryos of differ- 
ent ages. DNA from embryos incubated with thymidine-C™ for 2 hours (see Fig. 
3) was isolated and enzymatically degraded to free deoxyribosides by Method 3. 


on cell divisions are called multiplicative. The most likely explanation for 
the data of Figs. 3 and 4 is that multiplicative growth expressed as the 
time of doubling DNA is decreasing during the period 4 to 12 days and 
that the uptake of thymidine into DNA, being a measure of the instantane- 
ous rate of DNA synthesis, reflects changes in multiplicative growth. 
Miscellaneous Experiments—Dinitrophenol at 2.9 X 10-*° m (a concentra- 
tion which causes 50 per cent inhibition of cleavage in Arbacia eggs (21)) 


4 We are very indebted to Dr. Adolph Cohen for this interpretation. 
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did not block thymidine-C™ utilization by minced embryos. Incubation 
at 0° for 4 hours completely blocked incorporation. Non-agitated incuba- 
tions yielded incorporations 8 per cent of agitated controls. Sodium fluo- 
ride inhibited uptake at concentrations as follows (uptake values ex- 
pressed as per cent of control with no fluoride present) : 0.01 m, 17 per cent; 
0.02 m, 7.9 per cent; 0.03 m, 6.1 per cent. When incubated with thymidine- 
C*™ for 3 hours, minced liver from 17 day embryos showed a very low up- 
take of thymidine, approximately 0.06 y per liver. This is in agreement 
with the decrease of multiplicative growth which occurs most markedly a 
few days before hatching. 


DISCUSSION 


Tracer studies with thymidine-C™ described in this paper emphasize the 
usefulness of thymidine uptake as an indicator of multiplicative growth. 
Thymidine-C" at low concentrations is effectively utilized in the biosyn- 
thesis of deoxyribonucleic acid without diversion of radioactivity into 
ribonucleic acid. 

The utilization of thymidine for DNA synthesis offers numerous experi- 
mental approaches. Intermediates involved in DNA metabolism, although 
present in small amounts, have been detected and are at present the subject 
of further work. The incorporation of thymidine-C™ into DNA serves as 
a very sensitive measure of multiplicative growth and should be used in 
the assay of possible anticancer agents. Lu and Winnick (22) have used 
thymidine-C" in studies of growth of embryonic tissue cultures. Yoshida 
ascites tumor cells incubated in vitro in Tyrode’s medium show a marked 
uptake of thymidine-C™ into DNA.' The availability of intensely radio- 
active thymidine-C“ has made possible a study of its radiation effects (23). 
With thymidine-C" it should be possible to irradiate the nuclei of multi- 
plying cells selectively. In line with suggestions of Reichard and Estborn 
(3) radioautographs have been obtained of chromosomes containing thymi- 
dine-C™ from the meristematic cells of onion roots.® 


SUMMARY 


1. In experiments with chick embryos thymidine-C™ has been shown to 
be a precursor of the thymidine of DNA with negligible diversion of radio- 
activity to any other component of DNA or ribonucleic acid. These results 
are similar to those obtained by Reichard and Estborn with thymidine-N"™ 
in rats. 

2. The incorporation in vitro of thymidine-C" into DNA has been demon- 


5 Friedkin, M., unpublished experiments. 
6 Unpublished data of McQuade, H. A., Friedkin, M., and Atchison, A. A. 
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strated with detached chorio-allantoic membranes and with minced chick 
embryos under a variety of conditions. 

3. The uptake of thymidine-C™ into DNA has been used as a measure 
of the instantaneous rate of DNA synthesis in chick embryos, ages 4 to 12 
days, revealing in a new way the marked decrease of the multiplicative 
growth rate which occurs during this period. 
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The main goal of these studies has been to obtain a cell-free system 
capable of utilizing thymidine-C™ for the biosynthesis of deoxyribonucleic 
acid (DNA). Although minced chick embryo was active in vitro (1), fur- 
ther disruption by homogenization inevitably yielded inactive preparations. 
A survey of various tissues of the rabbit showed that bone marrow and 
thymus very actively utilized thymidine-C“ for DNA synthesis in vitro, a 
result expected in view of the known high mitotic activity of these tissues. 

A simplified assay for thymidine uptake into DNA was developed, con- 
sisting of measuring the radioactivity of the acid-insoluble fraction. This 
procedure was possible since earlier work showed that ribonucleic acid was 
not labeled with thymidine-C" as a precursor (1). Incorporation of thymi- 
dine into chicken bone marrow DNA was studied by use of the new assay 
under a variety of conditions. The addition of lyophilized bone marrow 
was found to be stimulatory for the uptake of thymidine by washed bone 
marrow cells. DNA fractions with different specific activities were isolated 
from bone marrow incubated with thymidine-C". 

Progress was made toward the goal of a cell-free system capable of DNA 
synthesis by the use of isolated rabbit thymus nuclei (2) for uptake studies 
with thymidine-C™,. 


EXPERIMENTAL 


The general procedures used in this work are described in detail in an 
accompanying paper (1). Thymidine-C“ was prepared by enzymatic re- 
action between thymine-2-C™ and deoxyribose-1-phosphate (3).! 

Method 1. Preparation of Bone Marrow Suspensions from Phenylhydra- 


* This investigation was supported in part by a research grant (C-2166) from the 
National Cancer Institute, United States Public Health Service. In these studies 
the labeled carbon of the aglycone, thymine, is all that is known to be incorporated 
into deoxyribonucleic acid. Although no evidence is offered for the incorporation of 
the entire deoxyriboside, thymidine, the simplifying assumption is made that this 
occurs. 

t Supported by a Jackson-Johnson Student Research Fellowship. 

1 We are grateful to the Southern Research Institute, Birmingham, Alabama, for 
the gift of thymine-2-C™ (specific activity, 3 uc. per umole). 
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zine-Treated Chickens—(a) Rhode Island red chickens (6 to 10 weeks old)? 
were injected in the thigh with 0.5 ml. of phenylhydrazine hydrochloride 
solution (20 mg. per ml. in isotonic saline) on 2 successive days. On the 
4th day the chicken was decapitated, the tibias and femurs were removed, 
the ends were cut off, and then the bone marrow was blown out of the 
bones with compressed air into a weighed, chilled tube. About 4 to 6 gm. 
of marrow per chicken were obtained. (b) 2 ml. of iced Tyrode’s medium 
were added per gm. of marrow. Fat and cell clumps were dispersed by 
gentle mixing with a large stirring rod. After standing in ice for 10 to 15 
minutes, during which time the fat hardened and precipitated, the suspen- 
sion was filtered through four thicknesses of cheese-cloth, resulting in a 
preparation which was almost free of fat and which could be easily pipetted. 

Method 2. Simplified Assay for Thymidine Incorporation into DN A—0.2 
ml. suspensions of bone marrow cells or thymus nuclei in Tyrode’s medium 
and 5 y of thymidine-C™ were shaken at 38° in 12 X 75 mm. test-tubes. 
Into each tube was placed a small glass bead and a thin stirring rod with 
the shape of an inverted L. The top side arm gave the stirring rod a con- 
stant twirling motion which, when combined with the bouncing of the glass 
bead, resulted in good agitation of the incubation mixture. The reactions 
were stopped by plunging tubes into an ice bath. The cells were then 
washed two times with 2 ml. portions of 3 per cent HClO, and two times 
with 3 ml. portions of ethanol-diethy] ether (3:1). The residue was trans- 
ferred to aluminum cup planchets* with three 0.2 ml. portions of water. 
Upon drying in an oven at 110° the residue plated out evenly, yielding a 
sample which did not flake. 

Method 3. Incorporation of Thymidine-C™ into Various Tissues of Rabbit 
—(a) Tissues were removed from a 2 kilo rabbit, washed with cold Tyrode’s 
medium, sliced, blotted, weighed, and suspended in Tyrode’s medium (3 
ml. per gm. of tissue) containing 29.6 y of thymidine-C™ (2820 ¢.p.m. per y) 
per ml. Each flask containing 0.4 to 0.5 gm. of tissue slices was shaken for 
2 hours at 38°. The reactions were stopped with 20 ml. of absolute ethanol. 
The slices were washed two times with ethanol and then treated for isola- 
tion of DNA by Method 1 (1). 

(b) For quantitative determination of DNA 151.6 ul. of the ammoniacal 
DNA protein fraction from Method 1 (1) were treated with 4 ml. of cold 
5 per cent trichloroacetic acid (TCA);* DNA in the precipitate was ex- 

2 We are indebted to the Ralston Purina Company for the gift of chickens used in 
this research. The chicken was used instead of the rabbit as a cheaper and more 
practical source of bone marrow. 

3 We are grateful to Dr. William Daughaday for the design of the aluminum cup 
planchets used in our internal flow counter. 

4 DNA protein in ammoniacal solution was first precipitated and then extracted 
with fresh TCA because the ammonium ion, unless removed, interfered with the 
colorimetric determination of DNA. 
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tracted with 3 ml. of hot 5 per cent TCA (4) and analyzed with dipheny]- 
amine reagent by the Davidson and Waymouth modification (5). Highly 
purified calf thymus DNA (Worthington Biochemical Corporation) dis- 
solved in hot 5 per cent TCA was used as a primary standard in these 
studies. 

Method 4. Isolationof Radioactive DNA from Chicken Bone Marrow Cells 
Incubated with Thymidine-C'\—(a) 22.7 gm. of bone marrow from five 
phenylhydrazine-treated chickens were prepared for incubation by Method 
1. Sixteen 25 ml. Erlenmeyer flasks, each containing 2.65 ml. of bone mar- 
row suspension in Tyrode’s medium and 50 y of thymidine-C™ (850,000 
¢.p.m.), were shaken for 2 hours at 38°. (6b) The incubation mixtures were 
then frozen and lyophilized. The lyophilized bone marrow powder was 
extracted with cold absolute ethanol (200 ml.) and with cold heptane (55 
ml.). The solvent-extracted bone marrow was then suspended in 0.9 per 
cent NaCl and treated with sodium dodecyl sulfate by the procedure of 
Kay et al. (6). Three successive extractions yielded DNA Fractions 1, 2, 
and 3. 

Method 5. Attempted Isolation of Radioactive 5-Methylcytosine from DNA 
of Chicken Bone Marrow Incubated with Thymidine-C“—1 mg. of radioactive 
DNA (Method 4, Fraction 2) was hydrolyzed with 30 ul. of 70 per cent 
HClO, for 1 hour at 100° (7); 100 y of 5-methyleytosine hydrochloride (78 
7 of free base) were added. The mixture was then separated by ascending 
chromatography with the isopropanol-HCI-H,O solvent system of Wyatt 
(8). Thymine and 5-methyleytosine were eluted from the paper and re- 
chromatographed with the n-butanol-NH,OH-H;,0 solvent system of 
MacNutt (9). 

Method 6. Preparation of Isolated Rabbit Thymus Nuclei—Nuclei were 
prepared from thymus tissue of young rabbits by the procedure of Allfrey 
(2). The nuclei from about 4 gm. of tissue per rabbit were finally sus- 
pended in 2 ml. of 0.25 m sucrose-0.0018 m CaCl:; the resulting suspension 
was diluted with an equal volume of Tyrode’s medium. The preparations 
examined under the phase contrast microscope showed very little contami- 
nation by whole cells, fibers, or cytoplasmic débris. 


Results 


Uptake in Vitro of Thymidine into DNA by Tissues of Rabbit—Slices of 
various rabbit tissues incubated with thymidine-C™ showed uptakes (Table 
I) which reflected the rate of multiplicative growth (cell divisions) in each 
case. The most striking uptakes were in bone marrow and thymus. Only 
the results with small intestine, a tissue known to have a high rate of DNA 
synthesis, were markedly out of line. In other experiments in which in- 
testinal strips were used instead of mucosal scrapings, the same low values 
were obtained. A possible explanation is that thymidine phosphorylase 
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(known to be quite high in the intestine (10)) converts thymidine to thy- 
mine, a very poor precursor of DNA. Further experiments with intestine 
should be done. 

For both incubated bone marrow and thymus (Table I) the data were 
in agreement with the general conclusion that all of the radioactivity of 
the DNA was present only in the thymidine of the DNA.® 


Experiments in Vitro with Bone Marrow 


Bone Marrow from Phenylhydrazine-Treated Chickens—The use of phenyl- 
hydrazine which causes lysis of peripheral blood cells and thus results in a 


TABLE | 
Uptake of Thymidine-C™ by Various Tissues of Rabbit 
See Method 3 for the details. 











Tissue* DNA isolated | Thymidine incorporated 
mg. per gm. (wet weight) y per gm. lissue | y per gm. DNA 
Bone marrow.............. 1.2 2.42 334 
sd xieciig ha stascane 14.9 | 1.75 | 122 
a tl oe 4.2 0.18 | 43 
_ ERR ore eee 4.7 0.16 ! 34 
Spleen Seat Rae Prey 6.8 0.12 19 
Se eer, 2.8 0.04 | 14 
RT icnniis Soap wincs, cik ws deals 0.74 | 0.01 | 8 
Small intestinet............ 5.3 0.03 6 








* The tissue was obtained from two rabbits and samples of each tissue were incu- 
bated in duplicate flasks. Each value is an average of four separate incubations. 
{t Mucosal scrapings were used. 


hyperplastic marrow was suggested by the work of Abrams and Goldinger 
(11). 2 ml. of bone marrow suspensions, prepared by Method 1 from five 
phenylhydrazine- and five saline-injected chickens, were incubated with 
50 7 of thymidine-C™ (2820 ¢.p.m. per y) for 2 hours at 38°. The aver- 
age uptakes of thymidine-C™ (micrograms per gm. of DNA) obtained by 
Method 3 were as follows: phenylhydrazine-injected, 1230; saline-injected, 


5 Specific activity of bone marrow DNA (Table I) = 334 X 2820 X 10-* = 0.943 
c.p.m. per y of DNA. If DNA is 22 per cent thymidine, the calculated specific ac- 
tivity of thymidine of DNA = 0.943/0.22 = 4.28 ¢.p.m. per y. Thymidine actually 
isolated from bone marrow DNA by Method 3 of the accompanying paper (1) had a 
specific activity of 4.28 ¢.p.m. per y. Similarly, for thymus DNA (Table I) with an 
incorporated value of 122 y of thymidine-C™ per gm. of DNA, the calculated specific 
activity of thymidine was 1.56 ¢.p.m. per vy; found, 1.55. 











400. 
witl 


for . 
into 
acid 
by « 
tissi 
of re 


to t 


Inco 


zine: 
were 





an ¢ 
off 1 


diu 
ed] 
mal 
acti 
oth 


that 
5-m 
sine 
DN 


as p 


a 


cu- 


yer 
ive 
ith 
'eT- 
ed, 
943 
ally 
id a 


1 an 
rific 





M. FRIEDKIN AND H. WOOD, IV 643 


400.6 On the basis of these findings the chickens were treated routinely 
with phenylhydrazine. 

Radioactivity of Acid-Insoluble Fraction of Bone Marrow; Simplified Assay 
for DNA Synthesis—In view of the unique incorporation of thymidine-C“ 
into thymidine of DNA without diversion of isotope into any other nucleic 
acid component, a means was at hand to determine incorporation into DNA 
by direct measurement of the radioactivity in the acid-insoluble fraction of 
tissues. The simplified assay described in Method 2 made possible the use 
of replicate incubations and also conserved valuable tracer. 

The data of Table IT, in which the assay procedure of Method 2 is applied 
to the incubation of chicken bone marrow cells with thymidine-C"™, show 


TaBLeE II 
Incorporation of Thymidine-C' into Acid-Insoluble Fraction of Chicken Bone Marrow 
Cells As Function of Time 
Incubation mixtures consisting of 0.2 ml. of bone marrow (from phenylhydra- 
zine-treated chickens) in Tyrode’s medium and 5 y of thymidine-C™ (14,100 c.p.m.) 
were shaken at 38°. See Method 2 for the details. 











Incubation time Thymidine incorporation into DNA* 
hrs. c.p.m. 
0.5 267, 281 
1.0 576, 576, 609 
2.0 979, 979, 890 





* Control tubes incubated for 2 hours at 0° gave values of 3 and 4 ¢.p.m. 


an almost linear uptake of radioactivity during the 1st hour with some fall 
off thereafter. Control tubes incubated at 0° showed no uptake. 

If bone marrow cells were washed several times with cold Tyrode’s me- 
dium, their ability to utilize thymidine-C"“ for DNA synthesis fell off mark- 
edly (Table III). With such washed cells the addition of lyophilized bone 
marrow was stimulatory, but, however, not to the extent of bringing the 
activity up to that of unwashed cells. Lyophilized bone marrow alone in 
other experiments was incapable of catalyzing thymidine uptake. 

Thymidine As Possible Precursor of 5-Methylcytosine—The possibility 
that the amination of thymidine or a derivative might be the pathway of 
5-methyleytosine (5MC) formation (rather than the methylation of cyto- 
sine) was examined by the attempted isolation of radioactive 5MC from 
DNA obtained from chicken bone marrow incubated with thymidine-C™ 


6 These data were obtained by Mr. Morton Field, a sophomore medical student, 


as part of a summer research project, supported by The National Foundation for 
Infantile Paralysis, Inc. 
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of very high specific activity, 17,000 ¢.p.m. per y (see Method 5). Radio- 
active DNA was hydrolyzed with 70 per cent HCIO, (Wyatt (12) has shown 
that 5MC is not destroyed by this acid hydrolysis) and then non-radioac- 
tive 5MC was added as carrier. Filter paper chromatography with two 
solvent systems yielded thymine with a specific activity of 15,000 ¢.p.m. 
per umole and 5MC with an activity of 4.5. 

2 mg. of radioactive chicken bone marrow DNA were degraded by HC1O, 
hydrolysis and this time carrier 5MC was not added. 5MC could not be 


TABLE III 
Stimulatory Effect of Lyophilized Bone Marrow on Thymidine Uptake 
of Washed Bone Marrow Cells 

5 ml. of chicken bone marrow cells in Tyrode’s medium (Method 1) were centri- 
fuged; the packed cells thus obtained were washed two more times with 5 ml. por- 
tions of fresh Tyrode’s and finally taken up with 2.5 ml. of Tyrode’s medium. This 
suspension was then diluted with an equal volume of Tyrode’s medium containing 
various concentrations of lyophilized bone marrow (11 gm. of marrow from four 
chickens obtained by Method 1, a were stirred with 44 ml. of cold H.O, strained 
through cheese-cloth, and lyophilized). The tubes were shaken for 1 hour at 38°; 
otherwise the conditions and procedures of Table II were followed. 











| 
Experiment ae ee Lyophilized bone Thymidine incorporation 
No. Conditions marrow present into DNA* 

mg. c.p.m. 
l Control (cells not washed) 0 724, 770, 781 
2 Washed cells 0 326, 349, 359 
3 eS = 0.25 370, 384 
4 1.25 396, 423 
5 2.5 423, 450 
6 5.0 465, 532 


* Each value is for a separate incubation tube. 





detected in the hydrolysate, a finding in contrast to the reported presence 
of 5MC in rat bone marrow (8). The possible formation of 5MC from thy- 
midine should be investigated in a tissue in which the 5MC content is 
known to be high, such as in wheat germ. 

Extraction of DNA Fractions with Different Specific Activities from Chicken 
Bone Marrow—By use of sodium dodecyl] sulfate (6) three successive frac- 
tions of DNA were extracted from bone marrow previously incubated with 
thymidine-C" of high specific activity (Method 4). The data of Table IV 
show that the DNA fraction most difficult to extract, Fraction 3, had the 
highest specific activity, at least 3 to 4 times that of Fraction 1. 

1 mg. of DNA Fraction 1 (containing thymidine, 26 e.p.m. per y) in 
0.01 m K phosphate buffer, pH 7.1, was poured through and completely 
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adsorbed by a 0.5 gm. cellulose anion exchange adsorbent column.? Two 
main fractions were obtained by gradient elution: Fraction 1A, a distinct 
fraction obtained by gradient elution with NaCl (approaching 2 m) in 0.01 
mM K phosphate buffer, pH 7.1, and Fraction 1B, a heterogeneous multi- 
peaked fraction obtained by gradient elution with NH,OH (approaching 1 
N)in2m NaCl. The DNA fractions were freed of salt by dialysis in cello- 
phane bags against cold water, lyophilized, and then analyzed. 


TABLE IV 


Isolation of DNA of Different Specific Activities from Chicken Bone Marrow 
Incubated with Thymidine-C™ 


See Method 4 for details of the isolation. 
| 





Specific activities 























DNA fraction | Amount of DNA Radioactivity of thymidine of DNA 
isolated . or 
Radioactivity | 
fe) By | 
| Calculated from |Calculated from 
| DNA* thyminet Found} 
mg. c.p.m. pery c.p.m. pery c.p.m. pery c.p.m. pery 
32 46 | 21 | 25 26 
2 28 16.6 | 76 | 78 69 
3 7 21.2 96 97 86 


| 





* Calculated on the basis that DNA is 22 per cent thymidine and that all radio- 
activity is present only in thymine of DNA. 

{t DNA was hydrolyzed with HClO, and thymine was isolated by chromatography 
by the procedures of Wyatt (8). 

t Thymidine was isolated by Method 3 of an accompanying paper (1). 


The DNA fraction which was most difficult to elute (most tightly bound 
to column) had the highest specific activity (Table V). The discrepancies 
between values obtained by calculation and those actually found may be 
due to several factors. The degree of polymerization of DNA would in- 
fluence the molecular extinction coefficient; all fractions were assumed to 
have the same molecular weight. The thymidine content of DNA may 
have been somewhat different for each fraction. In any event the marked 
heterogeneity should be investigated in more detail. 


7 A paper describing cellulose anion exchange adsorbent, ECTEOLA-SF, has been 
submitted to the Journal of the american chemical society, by E. A. Peterson and 
H. A. Sober, National Institutes of Health. We wish to thank Dr. Aaron Bendich, 
Sloan Kettering Institute for Cancer Research, for a gift sample of the adsorbent 
and for details of the chromatographic procedure which was essentially that used by 
him for chromatography of thymus DNA (24). 
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Experiments in Vitro with Thymus Nuclei 

Uptake of Thymidine-C“ into DNA of Isolated Rabbit Thymus Nuclei— 
Nuclei prepared by the procedure of Allfrey (2) were incubated with thy- 
midine-C™ in a medium consisting of 0.25 m sucrose-0.0018 m CaCl, and 
an equal volume of Tyrode’s medium. Most of the incubations were 
carried out in a total volume of 200 ul. of medium containing 5 y of thy- 
midine-C™, a concentration which gave maximal uptake (a result similar 
to that obtained with minces of chick embryo (1)). 


TABLE V 
Chromatographic Separation of DNA into Fractions of Differing Specific Activities 
Bone marrow DNA Fraction 1 prepared by Method 4 was chromatographed on a 
cellulose anion exchange column. See the text for details of the elution procedure. 








Radioactivity of thymidine of DNA 














DNA fraction Radioactivity of DNA* —— — “ 

| Calculated from DNAt | Foundt 
c.p.m. pery c.p.m. pery c.p.m. pery 
1 4.6 21.0 26.0 
1A 11.9 
1B-1 2.70 12.3 7.9 
1B-2 3.02 13.7 13.6 
1B-3 4.16 18.9 11.5 
1B-4 4.22 19.2 13.0 
1B-5 6.46 29.4 17.3 
1B-6 9.06 41.1 32.3 
1B-7 9.11 41.3 33.0 
* Based on E260 mz (1 mg. of DNA per ml. of H.O) = 20.0. 


7 Calculated from specific activity of DNA on the basis that DNA = 22 per cent 
thymidine. 
t Thymidine isolated from DNA by Method 3 of an accompanying paper (1). 


The data of Table VI, including a variety of conditions, showed that 
uptake of thymidine by nuclei was markedly decreased by saponin, Versene, 
incubation at zero degree, and freezing, and partially decreased by deoxy- 
ribonuclease or the absence of glucose or phosphate ion. Thymine-2-C™ 
was very poorly utilized for DNA synthesis; an attempt to increase the 
utilization by adding 25 y of guanine deoxyriboside or 25 y of cytosine 
deoxyriboside plus Aminopterin (see the next section) as sources of intra- 
nuclear deoxyribose-1-phosphate failed. 

Effect of Various Nucleic Acid Components on Thymidine-C™ Incorpora- 
tion into DNA of Isolated Thymus Nuclei—Various mixtures of purines and 
pyrimidines and of nucleosides and nucleotides were tested for possible 
stimulatory effects on the utilization of thymidine by thymus nuclei for 
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DNA synthesis. Purines, pyrimidines, ribonucleosides, or ribonucleotides 
were without effect (Table VII); however, deoxyribonucleosides or deoxy- 
ribonucleotides were inhibitory. 

When the deoxyribonucleosides of adenine, guanine, and cytosine were 


tested separately, deoxycytidine proved to be the only inhibitory compo- 
nent (Table VIII). 


TABLE VI 
Incorporation of Thymidine-C™ into DNA of Rabbit Thymus 
under Variety of Conditions 
Control incubation mixture consisted of 0.2 ml. of nuclei in sucrose-Tyrode’s 
medium (Method 5) and 5.14 ul. of thymidine-C™ in H,O (5.14 y, 87,400 c.p.m.). 
After an incubation period of 2 hours at 38°, Method 2 was followed. 








C.p.m. 

1 Control 1140 
2 hrs. at 0° 7 

Control + saponin (0.2 mg.) 13 

Nuclei frozen in liquid nitrogen and thawed 18 

2 Control 717 
+ deoxyribonucleaset 373 
Thymine-2-C" (10 y) instead of thymidine 40 

3 Control 656 
+ Versene (2 umoles) 73 

Minus glucose 427 

2 602 

“Mg 681 

‘*  phosphatet 420 











* Average of duplicate tubes. 
{ Present during incubation period. 


¢t NaH2PO, and NaHCO; replaced by 0.01 m (final concentration) glycylglycine 
buffer, pH 7.5. 


It immediately became evident that the inhibitory action of deoxycy- 
tidine could be due to its réle as a precursor of thymidine of DNA (13), 
presumably by a pathway involving deamination to uracil deoxyriboside 
and then methylation to some derivative of thymidine. Non-radioactive 
thymidine thus formed would lower the specific activity of the thymidine- 
C™ being utilized for DNA synthesis. Uracil deoxyriboside is a precursor 
of thymidine of DNA by a pathway sensitive to Aminopterin (14). 

If the above explanation for the inhibitory action of deoxycytidine is 
true, then Aminopterin should overcome the diluting effect of deoxycyti- 
dine as a precursor of thymidine. This was found to be the case (Table 
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TaBLe VII 


Effect of Nucleic Acid Intermediates on Thymidine-C™ Incorporation into 
DNA of Isolated Thymus Nuclei 


The control was the same as that in Table VI. 











Experimental conditions Thymidine incorporation into DNA* 

c.p.m. 
re ere pao as Meme ade 306 
eee eee ae 340 
+ nucleosides............ es 5 Sauk 301 
+ nucleotides............. od eR 316 
+ deoxyribonucleosides. . eas cas 174 
+ deoxyribonucleotides. . ee Pcie hee 195 
+ nucleosides + deoxyribonucleosides. pie, ene citi 192 
+ " + deoxyribonucleotides..... ies 195 
+ nucleotides + deoxyribonucleosides.. . 183 
a mF + deoxyribonucleotides... 201 





* The tubes other than control contained in addition 0.02 umole of each of the 
following per incubation mixture: bases, uracil, cytosine, adenine, guanine, orotic 
acid; nucleosides, uridine, cytidine, adenosine, guanosine; nucleotides, uridylic, cy- 
tidylic, adenylic, guanylic acids (3’-phosphates); deoryribonucleosides, deoxycyti- 
dine, deoxyadenosine, deoxyguanosine; deoryribonucleotides, deoxycytidylic, deoxy- 
adenylic, deoxyguanylic acids (5’-phosphates). After an incubation period of 2 
hours at 38°, Method 2 was followed. 


TaBLe VIII 


Effect of Deoxycytidine and Aminopterin on Thymidine-C™ Incorporation 
into DNA of Rabbit Thymus Nuclei 


Same procedure as that in Table VI with the additions indicated. 











Experimental conditions | Thymidine incorporation into DNA* 

| c.p.m. 
NTN on te ee ee oe de gaia atl Gre Niwas 717 
+ deoxyadenosine (0.02 umole).................... 795 
+ deoxyguanosine (0.02 “ .................005. 695 
+ deoxycytidine (0.02 pw Se ee 452 
e (0.02 umole) + Aminopterin (10 y). 843 
+ - Re Pict rhe anno | 282 
+ “ (0.1 “ ) + Aminopterin (10 7).| 735 





* Average of duplicate tubes. 


VIII). It is presumed that deoxycytidylic acid (not tested alone in these 
experiments but probably the “inhibitory” component of the deoxyribo- 
nucleotide mixture) acts the same way; it is not clear, however, if prior 
dephosphorylation is involved or not. 

Heterogeneous Nature of DNA Isolated from Thymus Nuclei—Nuclei were 
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prepared from 19 gm. of thymus tissue (from four rabbits) by Method 6 
and incubated with thymidine-C for 2 hours with shaking at 38° (each of 
nine flasks contained 2 ml. of nuclei in sucrose-Tyrode’s medium and 50 y 
of thymidine-C™ (850,000 ¢c.p.m.)). The mixtures were then frozen, lyo- 
philized, and extracted according to Method 4, b. Two fractions of poly- 
merized DNA were obtained with specific activities (counts per minute per 
mg.) as follows: 33 mg. of Fraction 1, 865; 8.2 mg. of Fraction 2, 1400. 
DNA Fraction 1, upon chromatography with cellulose anion exchange by 
the procedure described for bone marrow DNA, yielded fractions differing 
in specific activities from 502 to 1350. 


DISCUSSION 


The general picture which emerges from these experiments is one in 
which thymidine is utilized, whereas thymine is not, for DNA synthesis in 
rats (13), chick embryos, bone marrow, rabbit thymus, meristematic cells 
of Allium cepa (15) and Tetrahymena.® 

Agents which block the incorporation of thymidine-C“ into DNA should 
be sought as possible anticancer agents. Azathymidine (16) and 5-hy- 
droxydeoxyuridine (17) conceivably act at this point. It must be realized 
that free thymidine may not ordinarily be an intermediate in the pathway 
of DNA synthesis. The full implication of such a possibility must await 
the elucidation of the methylative reactions involved in the conversion of 
uracil deoxyriboside to thymidine of DNA (14). 

The isolation of fractions of DNA with differing specific activities from 
bone marrow and thymus nuclei emphasizes again the probable hetero- 
geneity of DNA, a situation which has been especially stressed by Bendich 
et al. (18). Of special interest here is that the DNA most difficult to dis- 
associate from protein (and also the most difficult to elute from columns) 
had the highest specific activity. This points to a possibly more intimate 
relationship between newly synthesized DNA and protein than that which 
exists between DNA and protein of resting cells. 

A cell-free system capable of utilizing thymidine-C™ for the synthesis of 
DNA may have been achieved with the use of the rabbit nuclei prepara- 
tions. Although microscopic examination may show an almost complete 
absence of whole cells, Brown (19) believes (on the basis of osmotic data) 
that nuclear preparations from thymus are grossly contaminated by small 
thymocytes. Allfrey and Mirsky (20) contest Brown’s view-point, for 


8 The first tracer studies with thymidine-C™ were done with Tetrahymena. The 
ratio of thymidine incorporation to thymine incorporation was 27:1. Despite the 
large bulk of Protozoa which could be obtained, the absolute amount of thymidine- 
C* incorporated into DNA after 2 days of incubation was low: approximately 1 7 
of thymidine per gm. of acid-insoluble Tetrahymena. For this reason the use of 
Tetrahymena for tracer studies of DNA biosynthesis was not continued. 
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they find, upon careful scrutiny of electron micrographs, that the contami- 
nation is low, of the order of twenty-nine small thymocytes per 1000 nuclei. 

In any event disruption of the nuclear membrane either with H,O or with 
saponin leads to complete inactivation. The next step should be aimed at 
obtaining active preparations in which the nuclear membrane is disrupted. 
fe Hecht et al. (21) have reported the isolation of thymidine triphosphate 
from incubation mixtures initially containing thymidylic acid and the cyto- 
plasmic fraction of regenerating liver. Potter (22) has detected nucleo- 
tides of thymidine in rat and calf thymus. Grunberg-Manago and Ochoa 
(23) have isolated an enzyme from Azotobacter vinelandii which catalyzes 
the formation of polynucleotides from a variety of nucleoside diphosphates. 

All of the findings suggest that nucleotides of thymidine are probably 
precursors of DNA and that such intermediates labeled with isotopes 
should be tested in cell-free systems. 


SUMMARY 


1. In a survey of various tissues of the rabbit, bone marrow and thymus 
have been found to be the most active tissues when tested for their capacity 
to utilize thymidine-C™ for synthesis of DNA. 

2. A simplified assay for DNA synthesis has been developed involving 
the measurement of radioactivity of the acid-insoluble fraction of tissues 
incubated with thymidine-C™. 

3. Lyophilized chicken bone marrow stimulates the uptake of thymidine 
by washed chicken bone marrow cells. 

4. DNA fractions which differed in specific activity were obtained from 
chicken bone marrow previously incubated with thymidine-C™. 

5. Rabbit thymus nuclei preparations were shown to incorporate thymi- 
dine-C"“ into DNA actively. The uptake was studied under a variety of 
conditions. Heterogeneity of DNA was demonstrated in the rabbit thy- 
mus DNA. 
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CONVERSION OF URACIL DEOXYRIBOSIDE TO THYMIDINE 
OF DEOXYRIBONUCLEIC ACID* 
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(Received for publication, July 29, 1955) 


Most of the literature dealing with the participation of citrovorum fac- 
tor and vitamin By: in the formation and transfer of 1-carbon intermediates 
stresses the donor compounds serine, glycine, and formate as precursors 
of the 5-methyl group of thymidine (2). Uracil deoxyriboside, first iso- 
lated in crystalline form by Dekker and Todd (3) in 1950, is known to 
arise as a result of the deamination of cytosine at the structural level of 
polynucleotide or nucleoside (4-7). Uracil deoxyriboside can also be 
directly synthesized by the enzymatic attachment of the deoxyribosyl 
group to uracil (5, 8-10). In this paper, evidence is presented that uracil 
deoxyriboside, which structurally is the simple demethylated form of 
thymidine, may indeed be the primary acceptor of the methyl group. 


Methods 

The general procedures used in this work are described in detail else- 
where (11, 12). Thymidine-C™ was prepared enzymatically (10). Uracil- 
2-C™ was obtained from the California Foundation for Biochemical Re- 
search, Los Angeles. We are grateful to Dr. Ruth Steinkamp (Depart- 
ment of Hematology) for the gift of Aminopterin (4-aminopteroylglutamic 
acid) and to Dr. T. H. Jukes (Lederle Laboratories Division, American 
Cyanamid Company) for the gift of citrovorum factor (leucovorin, calcium 
salt of formyltetrahydropteroylglutamic acid). 

Preparation of Uracil-C Deoxyriboside—A mixture consisting of 4 mg. 
of uracil-2-C", 40 mg. of dicyclohexylammonium deoxyribose-1-phosphate 
(10), and thymidine phosphorylase (4.5 mg. of protein; activity, 40 umoles 
of thymidine split per hour per mg. of protein by the arsenolysis assay 
method (13)) in a total volume of 1.7 ml. of 0.024 m tris(hydroxymethyl)- 
aminomethane-HCl buffer, pH 7.4, was incubated for 10.5 hours at 38°. 
The reaction was stopped by the addition of 40 ml. of isopropyl alcohol. 

* This investigation was supported in part by a research grant (C-2166) from the 
National Cancer Institute, United States Public Health Service. A preliminary 
report on some of the data presented has been made (1). In these studies the labeled 
carbon of the aglycone, uracil, is all that is known to be incorporated into deoxyribo- 


nucleic acid. Although no evidence is offered for the utilization of the entire de- 
oxyriboside of uracil, the simplifying assumption is made that this occurs. 
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654 URACIL-2-c DEOXYRIBOSIDE 
The supernatant fluid and wash were combined and evaporated to dryness. 
The residue was dissolved in 1 ml. of H:O, applied to Whatman No. 1 
filter paper (four separate sheets), and chromatographed with n-butanol 
saturated with H,O. The H,0 eluate of the band at Ry = 0.2 to 0.4 was 
evaporated to a small volume. This solution of uracil-2-C™ deoxyriboside, 
used for all of the isotope experiments, contained 33.8 umoles of deoxyribo- 
side (on the basis of AS%¢ 260 mu, € 10,200 (5)), a recovery of 94 per 
cent of the uracil originally added. The specific activity was 1550 ¢.p.m. 
per y, on a copper planchet, measured in an internal gas flow counter. 
The absorption spectra in 0.12 n HCl and in 0.3 n NaOH were similar to 
those reported by MacNutt (5); however, filter paper chromatography 
with H,O as the developing solvent (14) indicated that about 8 per cent 
of the radioactivity was due to free uracil-C'. The presence of uracil-2-C™ 
in the uracil deoxyriboside preparation used in the experiments described 
in this paper probably did not influence the results, since free uracil was 
not utilized in the synthesis of deoxyribonucleic acid (DNA). 

Folic Acid-Defictent Ducklings—White Pekin ducklings,' 1 day old, were 
fed ad libitum a folic acid- and vitamin By-deficient ration described by 
Hegsted and Rao (15) with the following changes per 100 gm. of diet: 
sucrose, 59.7 gm.; pyridoxine, 400 y; menadione, 10 7; a-tocopherol, 5 mg. 
Liver extract was omitted. Control ducklings received the same diet plus 
2.5 mg. of folic acid and 0.25 y of vitamin By per 100 gm.” 

During the period 12 to 16 days whenever a deficient duckling showed 
signs of imminent death, the fowl was decapitated, the tibias and femurs 
were removed and carefully split open, and the bone marrow was scraped 
out with a microspatula into a test-tube containing 3 ml. of iced Tyrode’s 
medium. The dilute cell suspensions were mixed, poured through several 
thicknesses of cheese-cloth to remove small particles of bone, and then spun 
at 2000 r.p.m. in a refrigerated centrifuge. The packed cells were then 
suspended in 0.9 ml. of Tyrode’s medium, thus allowing for four 0.2 ml. 
incubations per duckling. 


Results 


Utilization of Uracil-C* Deoxyriboside by Minced Chick Embryos for 
Synthesis of DN A—When minced 7 day chick embryos (11) were incubated 
with uracil-C™ deoxyriboside in Tyrode’s medium, approximately 0.6 y 
of the deoxyriboside was incorporated into DNA within a 2 hour incubation 
period, whereas during the same period about 1.6 y of thymidine-C™ were 
so utilized (Table I). Uracil-2-C' (some of the same preparation was used 

1 We are indebted to the Ralston Purina Company for the gift of the ducklings. 


2 We are most grateful to Dr. Helen Burch for her valuable advice and assistance 
in preparing the folic acid-deficient ration. 
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for the synthesis of the deoxyriboside) was completely inert as a precursor 
of DNA under the same conditions. It should be noted that thymine-2-C™ 
is also inert (11). 

Specific Conversion of Uracil-C' Deoxyriboside to Thymidine of DN A— 
The data in Table IIT show that uracil deoxyriboside is a very specific pre- 
cursor of the thymidine of DNA with very little, if any, diversion of the 
C™ into any of the other nucleic acid components of DNA or ribonucleic 
acid (RNA). In similar experiments with minced 8 day chick embryos and 
with rabbit bone marrow cells the same results were obtained (Table II). 


TABLE I 
Utilization of Uracil Deoxyriboside for DNA Synthesis by Minced Chick Embryo 
Each flask containing one minced 7 day chick embryo (11), 2 ml. of Tyrode’s me- 
dium, and the isotopically labeled compound indicated was shaken for 2 hours at 
38°. The incubation was terminated by the addition of 20 ml. of absolute ethanol. 
The procedure for isolation of the DNA fraction which was finally assayed for radio- 
activity is described in Method 1 (11). 














Flask No. C compound Se feos 

1 | Uracil-2-C™, 1.01 umoles | 0 

2 0 

3 deoxyriboside, 0.26 umole 0.16 
4 0.41 
5 | 0.77 
6 | 0.60 
7 | TThymine-2-C™ deoxyriboside, 0.21 umole | 1.98 
8 1.22 





If radioactivity had been found in cytosine deoxyriboside, it would have 
been necessary to rule out the presence of uracil deoxyriboside, for both of 
these deoxyribosides have the same R» with the solvent system used. The 
absence of radioactivity in cytosine deoxyriboside made further separation 
unnecessary and also ruled out the intriguing possibility of the incorpora- 
tion of unchanged uracil deoxyriboside into DNA. 

Inhibitory Action of Aminopterin on Utilization of Uracil-C Deoxyribo- 
side for DNA Synthesis and Reversal with Citrovorum Factor in Minced 
Chick Embryo and Bone Marrow—The addition of 1 y of Aminopterin 
per chick embryo blocked the utilization of uracil-C™ deoxyriboside for 
DNA synthesis. In Table III the specific activity of DNA from chick 
embryos incubated with the deoxyriboside and Aminopterin dropped to 
one-sixth the value obtained in the absence of Aminopterin. If citrovorum 
factor was added simultaneously with the Aminopterin, the inhibitory effect 
of Aminopterin was overcome; however, in no case was the inhibition com- 
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TABLE II 
Specific Conversion in Vitro of Uracil-C' Deoxyriboside to Thymidine of DNA of 
Chick Embryos and Rabbit Bone Marrow 

DNA protein samples from Flasks 3, 4, 5, and 6 (Table 1) were combined and 
enzymatically degraded by the procedures described in Method 3 (11). DNA pro- 
tein fractions from experiments with minced 8 day chick embryos or suspensions of 
rabbit bone marrow (Method 1, 6 (12)) were similarly treated. RNA components 
were isolated by Method 4 (11). 























Minced 7 day chick Minced 8 day chick Rabbit bone marrow 
embryo embryo cell suspension 
Compound assayed OAT IEG CSS le, OER TSE ERI By — 
Amount Specific Amount Specific | Amount Specific 
assayed | activity assayed | activity assayed | activity 
pumoles | i oad pumoles ad umoles oo 
From DNA | 
Deoxyribosides of | | 
Thymine | 0.75 | 880.0 1.0 412 1.6 131.0 
Cytosine | 0.47 1.5 0.58 0 | 0.96 1.8 
Hypoxanthine + | 1.1 eo | 3A 0 2.2 1.0 
guanine 
From RNA 
Hypoxanthine | 0.21 0 
Guanine | 0.16 | 25 
Cytidine | 0.07 67 
Uridine | 0.10 | 35 
TaBLeE III 


Effects of Aminopterin and Citrovorum Factor on Conversion of Uracil Deoxyriboside 
to Thymidine of DNA in Chick Embryo 
Each flask containing one minced 8 day chick embryo, 2 ml. of Tyrode’s medium, 
59 y of uracil-2-C' deoxyriboside (91,450 ¢.p.m.), and additions of Aminopterin and 
citrovorum factor indicated was shaken for 2 hours at 38°. See Method 1 (11) for 
details of DNA isolation and Method 3, b (12) for colorimetric determination of 
DNA. The values are expressed as counts per minute per microgram of DNA. 








Citrovorum factor, y per ml. 





Aminopterin 2 lo 
0 0.35 3.5 35 
per ml. 
0 2.42 2.46 | 2.11 | 2.51 
0.35 0.39 0.55 | 1.16 1.82 
3.5 0.31 0.20 0.47 1.33 


35 0.12 | 0.13 0.28 


pletely overcome even with ratios of citrovorum factor to Aminopterin of 
100:1. 

Similar effects were obtained with suspensions of chicken bone marrow 
cells (Table IV). The utilization of uracil deoxyriboside for DNA synthe- 
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TABLE IV 
Effects of Aminoplerin and Citrovorum Factor on Conversion of Uracil Deoryriboside 
to Thymidine of DNA in Chicken Bone Marrow Cells 

Each tube containing 0.2 ml. of chicken bone marrow cells (from a phenylhydra- 
zine-treated fowl) in Tyrode’s medium, 4.4 y of uracil-2-C™ deoxyriboside (5400 
¢.p.m.), and additions of Aminopterin and citrovorum factor indicated was shaken 
for 2 hours at 38°. See Methods 1 and 2 (12) for the details of obtaining the marrow 
and the simplified procedure for assaying the radioactivity of DNA. The values 
are expressed as counts per minute in total DNA. 





Citrovorum factor, y per ml. 





Aminopterin ———_—_——— a - 
0 0.46 24 48 
- oe ml i 
0 176 233 227 238 
0.046 189 212 
0.27 66 174 
0.56 60 129 216 220 
TABLE V 


Effect of Citrovorum Factor on Conversion of Uracil Deoryriboside to DNA in Bone 
Marrow Cells of Folic Acid-Deficient Ducklings 

Each tube contained 0.2 ml]. of bone marrow cells in Tyrode’s medium from folic 
acid-deficient or non-deficient ducklings, uracil deoxyriboside (1230 ¢.p.m. per y) 
or thymidine (2230 c.p.m. per y), and CF when indicated (CF = 7.5 y of citrovorum 
factor plus 0.18 y of vitamin Bi2); incubation time, 3 hours at 38°. See Method 2 
(12) for the details of the procedure followed. The figures are in micrograms; each 
value is an average of duplicate incubations. 











Utilization of deoxyribonucleoside for DNA synthesis 


j Attn Jraci xyribosid: 3) as ymidi 5 y) as 
Status of ducklings ay —— wy _ eee” . 
v | -cr | +98 vw | -ce | + 
+CI CI <= +CI CI GF 
Deficient 1 0.061 0.018 3.4 0.13 0.13 1.0 
2 0.17 0.12 1.4 | 0.24 0.23 1.0 
3 0.066 | 0.011 6.0 | 0.15 0.17 | 0.88 
4 0.023 | 0.010 | 2.3 | 
Non-deficient 5 0.063 | 0.068 0.92 | 0.090 0.099 | 0.91 
6 0.058 | 0.065 | 0.89 | 0.097 0.093 1.0 


7 0.054 0.045 1.2 0.060 


0.066 | 0.91 


sis appeared to be more sensitive to Aminopterin in chick embryos than in 
chicken bone marrow cells. 

In numerous experiments with minced chick embryo and bone marrow 
preparations, Aminopterin up to as high as 126 y per ml. did not inhibit 











658 URACIL-2-c! DEOXYRIBOSIDE 
the incorporation of thymidine-C" into DNA. Even in the presence of 
very low concentrations of thymidine-C™, 0.24 y per ml., Aminopterin at 
a level of 73 y per ml. was not inhibitory (11). 

Stimulatory Effect of Citrovorum Factor on Utilization of Uracil Deoxyribo- 
side—Citrovorum factor appeared to have a slight stimulatory effect on 
the uptake of radioactivity from uracil deoxyriboside into DNA of chicken 
bone marrow cells (Table IV). An attempt to exaggerate the stimulation 
by working with bone marrow from folic acid-deficient ducklings resulted 
in the data of Table V. 

The possible stimulatory effect was tested with both uracil-C™ deoxy- 
riboside and thymidine-C" as precursors. In no case did citrovorum factor 
have any effect on the utilization of thymidine for DNA synthesis; however, 
the utilization of uracil deoxyriboside was markedly increased in the bone 
marrow of folic acid-deficient ducklings. Although vitamin By was also 
added together with citrovorum factor, the results of other experiments 
indicate that vitamin By, was unnecessary for the stimulatory effect. The 
data for citrovorum factor stimulation of uracil deoxyriboside conversion 
to DNA, although meager, are considered meaningful in that the stimula- 
tion occurred with uracil deoxyriboside as a precursor and not with thymi- 
dine. 


DISCUSSION 


These experiments demonstrating that uracil deoxyriboside is a precursor 
of thymidine of DNA by reactions inhibited by Aminopterin and aug- 
mented by citrovorum factor can be correlated with the findings of many 
workers (16-19). Uracil deoxyriboside (or a phosphorylated derivative) 
rather than a cytosine derivative may be the final acceptor of the hydroxy- 
methyl group of serine (20) or of formate (19); nevertheless, it is possible 
that 5-methylceytosine and 5-hydroxymethyleytosine (21) may stem ini- 
tially from a cytosine derivative. 

Rege and Sreenivasan (22) have reported that resting cells of Bacillus 
subtilis can bring about the transformation of uracil to thymine, a reaction 
augmented by the presence of glycine. Debov (23)* has described the 
methylation of uracil to thymine by homogenates of chick embryo. In 
the case of microorganisms in which the free pyrimidine bases, uracil and 
thymine, can be utilized for nucleic acid synthesis, the methylation of the 
free base is probably of major importance; however, in the case of chick 
embryos in which the free bases are not utilized, it appears likely that the 
conversion of uracil to thymine reported by Debov may represent a non- 


3 An abstract of this article (23) is somewhat misleading, for it infers that transfer 
of methyl] groups from methionine to uracil was demonstrated; actually this was not 
shown. 
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specific methylative function of reactions normally dealing with the deoxy- 
riboside or deoxyribonucleotide of uracil. 

It has been shown that the incorporation of thymidine-C" into the DNA 
of isolated rabbit thymus nuclei is markedly decreased in the presence of 
cytosine deoxyriboside and that this inhibitory effect of cytosine deoxy- 
riboside can be overcome by the addition of Aminopterin (12). Non- 
radioactive cytosine deoxyriboside as a precursor of thymidine of DNA (24) 
(presumably via a deamination and a methylation) would decrease the 
specific activity of thymidine-C™ being utilized for DNA synthesis and 
thus lower the absolute uptake of counts into DNA; Aminopterin, by in- 
hibiting the methylation of uracil deoxyriboside, would block this dilution 
effect. 

The most important problem posed by the results of this work is whether 
uracil deoxyriboside is methylated as a free nucleoside or as a nucleotide. 
Although the addition of non-radioactive thymidine markedly decreases 
the uptake of counts into DNA with uracil-C“ deoxyriboside as a precursor, 
either pathway is possible. 


SUMMARY 


1. Radioactive uracil deoxyriboside was prepared by enzymatic reaction 
of uracil-2-C" with deoxyribose-1-phosphate. 

2. When uracil-C“ deoxyriboside was incubated with minced chick 
embryo or suspensions of rabbit and chicken bone marrow cells in Tyrode’s 
medium, only the thymidine of DNA became appreciably labeled. No 
significant radioactivity was found in DNA cytosine deoxyriboside or any 
other major DNA or RNA component. Under the same conditions uracil- 
2-C™ was not utilized for DNA synthesis. 

3. While the conversion of uracil deoxyriboside to thymidine of DNA 
was markedly inhibited by the addition of low concentrations of Aminop- 
terin, the incorporation of thymidine-C"™ into DNA was unaffected by 
high concentrations of Aminopterin. 

4. Citrovorum factor reversed the Aminopterin inhibition and also 
caused some augmentation of uracil deoxyriboside utilization in bone mar- 
row cells from ducklings fed a folic acid-deficient ration. 


Addendum—In a splendid and completely independent study Reichard (25) has 
described the utilization of uracil-2-C™ deoxyriboside by the rat for biosynthesis of 
DNA. Reichard’s results and our findings emphasize that uracil deoxyriboside is 
uniquely converted to thymidine and not to cytosine deoxyriboside. 
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MICRODETERMINATION OF PHOSPHOLIPIDES AND 
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The determination of lipides in brain has required a minimum of 50 to 
1000 mg. of tissue (2-6). Because of the histological complexity of the 
brain, it is necessary to work with much smaller amounts of tissue if rela- 
tively homogeneous samples of one or another histological element are to 
be studied. The methods to be described in this study permit the analysis 
of a single 10 y, dry weight sample of brain for cephalins, lecithins, total 
sphingolipides, sphingomyelins, total non-phosphorus-containing sphingo- 
lipides, and total phospholipides.' 

The basic procedure adopted stems from that of Schmidt et al. (6). 
Lipides are treated with cold alkali to hydrolyze non-sphingolipides, fol- 
lowed by mild acid hydrolysis to hydrolyze the plasmalogens (9), with the 
result that the phosphorus and basic components become acid-soluble. 


* Supported in part by grants from The National Foundation for Infantile Paraly- 
sis, Inc., the American Cancer Society upon recommendation of the Committee on 
Growth of the National Research Council, and the National Multiple Sclerosis So- 
ciety. A preliminary report of this study has appeared (1). 

+ Postdoctoral Fellow of the National Institute of Mental Health, 1949-51. 

1 These terms include more than one lipide entity. By the method of analysis 
used in this study, each of these includes the following lipides: cephalins = phos- 
phatidyl ethanolamines plus phosphatidyl serines plus plasmalogens; lecithins = 
phosphatidyl cholines; total sphingolipides = all sphingosine-containing lipides, 
i.e., cerebrosides, gangliosides, ceramides, sulfatides, and sphingomyelins; sphingo- 
myelins = all phosphorus-containing sphingolipides. Dr. Gerhard Schmidt (per- 
sonal communication) has, however, recently indicated that there is another phos- 
pholipide which behaves like sphingomyelin with respect to resistance to alkaline 
hydrolysis and is determined with it. The term sphingomyelins, therefore, probably 
actually includes this as yet uncharacterized phospholipide. Non-phosphorus-con- 
taining sphingolipides = total sphingolipides minus sphingomyelins; total phos- 
pholipides = cephalins plus lecithins plus sphingomyelins. Although classically 
considered part of the cephalins, diphosphoinositide (7) contributes only slightly to 
the total cephalins by this method of analysis, but contributes more substantially 
to the lecithins. Total diphosphoinositide in dog brain averages about 2 mmoles per 
kilo, wet weight (8). It can be calculated from Folch’s (7) figures for diphospho- 
inositide amino nitrogen (0.15 mole per mole of diphosphoinositide) and phosphorus 
(2 moles per mole) that diphosphoinositide contributes only 0.3 mmole per kilo, wet 
weight, to the cephalins, but contributes about 4 mmoles per kilo to the lecithins. 
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The sphingolipides remain unchanged and acid-insoluble. By using sol- 
vent extraction and centrifugation instead of precipitation and filtration, 
by using the previously described (10) sensitive method (¢€29 = 25,000) for 
phosphorus determination, by using FDB? to determine the amino groups 
in lipides (1), and by reducing drastically the volumes used in the analysis, 
it has been possible to increase the sensitivity of existing methods from 
400- to 4000-fold and to determine more different lipide constituents on a 
single fragment of tissue. It is believed that the procedures might prove 
useful for studies on a larger scale since they appear to have advantages in 
regard to simplicity and precision. 

In this paper the methods will be described, and the results on rabbit 
brain homogenates will be given. The data on the histochemical distribu- 
tion of these lipides and cholesterol in the molecular and granular layers of 
the cerebellar cortex and in its subjacent white matter are reported in an 
accompanying paper (11). 


EXPERIMENTAL 


Apparatus—Techniques for manipulating the small volumes and weights 
have been described (10, 12). A centrifuge evaporator (13) is used to 
remove the solvents. With this device, 50 samples can be evaporated 
simultaneously under reduced pressure without solvent creeping. Alter- 
natively each sample may be evaporated individually by directing a stream 
of nitrogen over the surface of the solvent while immersing the tube in a 
40-60° water bath. 

Reagents— 

All aqueous reagents were prepared in glass-distilled water. 

FDB (Jasonols Chemical Corporation, Brooklyn); 50 mm. Commercial 
product diluted 1:160 by volume with absolute ethanol. . 

Ashing mixture. 0.8 N HCIO, in 10 n H,SO, (10). 

Color reagent for phosphate determination (10). 0.25 per cent am- 
monium molybdate and 1 per cent ascorbic acid in 0.1 N sodium acetate, 
prepared just prior to use. 

1-Hexanol. Glass-distilled, then water-saturated, by shaking three 
times with equal volumes of water; stored over water. 

Potassium borate buffer. 2 moles (123.7 gm.) of boric acid and 1 mole 
(56 gm.) of KOH dissolved in about 900 ml. of water by warming, then 
brought to pH 10.0 to 10.1 (pH meter) with KOH (about 0.2 mole), diluted 
to 1 liter, and filtered if turbid. An aliquot of the buffer titrated against 


2 Abbreviations used in this paper: FDB, 1-fluoro-2,4-dinitrobenzene; TCA, tri- 
chloroacetic acid; DMC, t-a-dimyristoyl cephalin (L-a-dimyristoyl phosphatidyl 
ethanolamine); DML, t-a-dimyristoyl lecithin (L-a-dimyristoyl phosphatidyl cho- 
line). 
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an equal volume of 0.2, 0.3, and 0.4 N HCl should give pH values of ap- 
proximately 9.4, 9.1, and 8.8, respectively. 

Propionic acid. Glass-distilled to avoid a marked inhibition of color 
development in later phosphate determinations. 

Phosphate standards. KH,PQ, in 0.1 N sulfuric acid. 

Serine. 1mm and 2 mm standards. 





TISSUE SAMPLE 
STEP |. PRECIPITATE WITH O.3N TCA 
STEP 2 WASH WITH 0.3N TCA 
WASHED TCA PRECIPITATE 


STEP 3. EXTRACT WITH ALCOHOLIC O.IN 
POTASSIUM ACETATE 
STEP 4. EXTRACT WTH HOT ABSOLUTE 


J ETHANOL 

LIPIDE EXTRACT 

STEP 5. 025N KOH 38°, 16-24 HOURS 
[STEP 6. O3N HCL ROOM TEMP, 3 HOURS 
LIPIDE HYDROLYSATE 

1 STEP 7, EXTRACT WITH I-HEXANOL 














Vv wv 
AQUEOUS PHASE HEXANOL PHASE 
STEP & FDB REACTION STEP 10. 6N HCL HYDROLYSIS 
} 11. FOB REACTION 
CEPHALINS TOTAL _SPHI 
STEP 9. PHOSPHATE STEP 12 PHOSPHATE 
\ DETERMINATION , DETERMINATION 
CEPHALINS + LECITHINS SPHINGOMYELINS 





LECITHINS = (CEPHALINS + LECITHINS)— CEPHALINS 

a TOTAL SPHINGOLIPIDES— 
NON-PHOSPHORUS-CONTAINING SPHINGOLIPIDES= A, AL MGOMYEL Tite 
TOTAL PHOSPHOLIPIDES= (CEPHALINS + LECITHINS)+ SPHINGOMYELINS 


Fig. 1. Flow diagram of the entire analysis. There are four lipide fractions that 
are directly determined: cephalins plus lecithins, cephalins, total sphingolipides, and 
sphingomyelins. Three lipide fractions are calculated: lecithins and non-phos- 
phorus-containing sphingolipides by difference and total phospholipides by summa- 
tion. 











If the various pure lipides are available for use as standards,’ stock 
solutions are prepared by dissolving them in a chloroform-methanol mix- 


ture 2:1 (volume per volume) and storing in glass-stoppered bottles at 
— 20°. 


Analytical Procedure 


The analytical scheme is presented in Fig. 1. Unless otherwise indi- 
cated, all the extractions and washings are performed in the same manner; 


3 We wish to thank the following investigators for generously supplying us with 
pure lipides: Dr. Erich Baer for synthetic DMC (14) and DML (15), Dr. Elmer Stotz 
for sphingomyelin (16), Dr. Herbert E. Carter for N-acetyldihydrosphingosine and 
triacetylsphingosine (17), and Dr. Irving Zabin for dihydrosphingosine (18). 
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viz., the solvent is gently mixed with the sample to avoid displacing in- 
soluble material up on the wall out of reach of extraction, after which the 
samples are centrifuged for 10 minutes at 3000 r.p.m. in the cold. The 
supernatant fluid is withdrawn with a pipette and discarded or saved as 
appropriate. 

Steps 1 and 2—The frozen-dried brain sample, or 6 ul. of brain homogen- 
ate, representing 40 to 125 y of wet brain (8 to 25 y of dry brain), is trans- 
ferred to a pointed tube of 2.5 mm. bore, which is placed in a pan of ice 
water. To the frozen-dried sample, 12 ul. of ice-cold 0.3 xn TCA from glass- 
distilled acid are added, and the tubes are tapped gently. (To the homog- 
enates, 6 ul. of ice-cold 0.6 nN TCA are added, and the tubes are mixed. 
After this step, homogenates and frozen-dried samples are treated identi- 
cally.) After centrifuging, 10 or 11 ul. of supernatant fluid are removed, 
and the precipitates are rapidly washed via the centrifuge with 10 ul. of 
0.3 n cold TCA. 

Step 3—The precipitate is extracted with 20 ul. of 0.1 N potassium ace- 
tate in absolute ethanol, which is allowed to stand for 5 to 10 minutes be- 
fore centrifugation. This step and all subsequent steps may be taken at 
room temperature, although any pipetting of alcohol is better accomplished 
in the cold to minimize creeping of the solvent up the sides of the tube. 
After centrifuging, 18 or 19 yl. of supernatant fluid are removed, placed in 
a similar tube, and evaporated under reduced pressure at room tempera- 
ture by means of the centrifuge evaporator or by a nitrogen stream. 

Step 4—The precipitate in the original tube is mixed with 20 ul. of abso- 
lute ethanol. Each tube is tightly covered with a double layer of Parafilm, 
placed in a 60° water bath for 10 minutes, and then centrifuged. The 
supernatant fluid is combined with the first extracted lipide and evapo- 
rated, the two extracts being evaporated separately to keep the lipide in the 
bottom of the tube where it will be accessible for hydrolysis. Blanks and 
standards for this part of the analysis are prepared by carrying nine tubes 
through the entire procedure to this point. After evaporation of the 
alcohol, 2 wl. of 1 mm serine are placed in three of these tubes, and in three 
others are placed 2 ul. of 2 mm serine.t’ The water in which the serine is 
dissolved is then evaporated in an oven at 95° or in the centrifuge evap- 
orator. 

Steps 5 to 7—To the tubes containing the evaporated extracts, standards, 
and blanks are added 10 ul. of 0.25N KOH. The tubes are tightly covered 
with a double layer of Parafilm and incubated 16 to 24 hours at 38° in a 


4 Tf pure lipides are available as standards, this is the point at which they are 
introduced; 7.e., they are not subjected to the TCA precipitation and alcohol ex- 
tractions (Steps 1 through 4) but go through every subsequent step, beginning with 
the KOH hydrolysis (Step 5). 
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covered glass jar containing a little water to prevent evaporation. After 
centrifuging to drive down any water that may have distilled up the sides 
of the tubes, 1 ul. of 6.0 N HCl is added with buzzing. The acidified 
samples (excess acid concentration must be 0.25 to 0.4 nN) are left at room 
temperature for 3 hours, then extracted with buzzing with 11 ul. of water- 
saturated 1-hexanol, and centrifuged. The serine is not extracted by the 
hexanol. A 9 ul. aliquot is taken from the hexanol layer and placed in a 
pointed tube of 2.5mm. bore. A 9 ul. aliquot is also taken from the aque- 
ous layer and placed in a pointed tube of 3 mm. bore. 

Step 8—To the 9 ul. aqueous aliquot are added with buzzing 9 ul. of 
potassium borate buffer and 2 ul. of 50 mm FDB in alcohol. The tubes, 
capped with Parafilm, are heated at 60° (56-63°) for 30 minutes, then 
buzzed with 35 ul. of 2N HCl. The absorption of the samples may now be 
determined at 420 my in the Beckman spectrophotometer.* However, a 
2-fold increase in sensitivity, with some increase in the blank reading be- 
cause the dinitrophenol has a much higher ¢ at 380 mu than at 420 my, may 
be obtained by extracting the acidified samples with 55 ul. of an 80:20 
(volume per volume) heptane-bromobenzene mixture (both glass-distilled) 
and by determining the absorption of the aqueous layer at 380 my. This 
extraction leaves all the hydrolyzed lipides in the aqueous layer and ex- 
tracts out much of the blank. 

Step 9—After the reading, a 25 to 30 ul. aliquot is transferred from the 
Beckman cell into a serological tube, 7 X 70 mm., together with 10 ul. of 
ashing mixture, and is wet ashed and analyzed for phosphate as described 
previously (10), 100 ul. of color reagent being used. Standards and blanks 
for these standards are prepared by placing 5 ul. of 0.5 mm KH2PO, or of 
H.O in ashing tubes and exposing them to the same treatment as the 
samples. 

Step 10—The 9 ul. aliquot from the hexanol layer in Step 7 is evaporated 
by means of the centrifuge evaporator under reduced pressure® and at an 
elevated temperature (45-60°), obtained by placing a 250 watt infra-red 
light 30 to 45 cm. from the evaporator. Evaporation takes about 2 to 3 
hours. Each tube next receives 5 ul. of 6 N HCl, is tightly capped with a 


5 The Beckman cells, especially if they are etched at the edges and have been used 
in other types of analyses, have occasionally been a source of phosphate contamina- 
tion which has ruined the subsequent analysis. One way of avoiding this is by pre- 
treating the cell with the phosphate color reagent (made 1.0 n in H2SO,) until no 
more color from phosphate appears. 

* If the centrifuge evaporator is not available, the hexanol may be evaporated 
by placing each tube in a copper jacket and heating it with a Fisher Hotspotter 
(Fisher Chemical Company, St. Louis, No. 11-502-10), while directing a stream of 
Ne over the surface of the hexanol. Whether this procedure interferes with the sub- 
sequent determination of total sphingolipides was not investigated. It does not 
interfere with the later determination of sphingomyelins. 
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double layer of Parafilm which is then covered with aluminum foil, and is 
heated for 60 minutes in a vigorously boiling water bath shallow enough 
to avoid melting the Parafilm. 

Step 11—After centrifugation, to each tube are then added 5 ul. of 5.4 
Nn NaOH, 10 ul. of the potassium borate buffer, and 2 ul. of 50 mm FDB. 
The tubes, capped as before, are heated 30 minutes at 60° (56-63°). After 
adding 10 ul. of 6 N HC! and 35 ul. of glass-distilled propionic acid, the 
absorption is determined at 420 mu. Standards for this part of the analy- 
sis are provided by adding 2.5 ul. of 2 mm serine to new tubes and evaporat- 
ing the water in an oven at 95°, or in the centrifuge evaporator before 
adding the 6N HCl. Standard blanks are empty tubes to which the 6 Nn 
HCl is added directly. These standards and blanks are then treated 
exactly like the samples. 

Step 12—A 55 ul. aliquot is taken from each Beckman cell after the ab- 
sorption at 420 mu has been determined, placed into a tube of 2.5 mm. bore, 
wet ashed with 10.4 ul. of ashing mixture, and analyzed for phosphate as 
above, except that (a) heating at 95° must be prolonged to about 4 hours 
because propionic acid is more difficult to drive off than water; (b), 50 ul. 
of color reagent instead of 100 yl. are added to each tube; and (c), as the 
color reagent is added, each tube must be buzzed immediately and vigor- 
ously for about 30 seconds to dissolve the ashed contents which are solid 
or semisolid and have a glass-like appearance. Standards and standard 
blanks for this step are those prepared with serine and water in Step 11. 
To the tubes which contain the serine are added 2.5 ul. of 0.5 mm KH2PO, 
just prior to ashing. Standards and blanks are then treated exactly like 
the samples. 


Comment on Analytical Procedure 


Steps 1 and 2—The precipitation and washing with TCA prevent sig- 
nificant contamination with non-lipide amino or phosphorus compounds. 
The average amount of phosphorus appearing in the TCA supernatant 
fluid from brain is 30 mmoles per kilo, wet weight, and the average amount 
of color with FDB is equivalent to 35 mmoles per kilo, wet weight, of re- 
active material. If, in Steps 1 and 2, 80 per cent of the supernatant fluid 
is removed each time, there is at most only a phosphorus contamination of 
1.2 mmoles per kilo, wet weight, which is only about 2 per cent of the 
cephalin plus lecithin phosphorus. Similarly, the maximal contamination 
of the cephalin determination by FDB-reactive material is 4 per cent. The 
question arises whether some phosphate or organic base is split from the 
lipides by the initial ice-cold acid treatment and therefore is lost in the 
washing procedure. It has been recently shown (9) that plasmalogens in 
a crude lipide extract are stable to acid unless pretreated with alkali. If 
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plasmalogens are the least stable lipides to acid (2), it seems probable that 
no other lipide would be split at this point. 

Steps 3 and 4—To test the completeness of extraction by the simple ex- 
traction procedure proposed, two experiments were performed. In the 
first, 61 y of brain, wet weight, after TCA precipitation, were extracted 
with 20.2 yl. of potassium acetate in alcohol and 20.2 ul. of hot absolute 
ethanol. The lecithins, cephalins, sphingomyelins, and total phospholip- 
ides were then determined on this extract. The precipitate was then re- 
extracted once more with alcohol and twice with isopropyl ether. In the 


TABLE I 
Comparison of Present Extraction Procedures with Procedure of Folch et al. (19) 


Two rabbit brains were sectioned exactly in half sagittally. One-half of each 
brain was homogenized, extracted, and washed according to Folch et al. (19). The 
proteolipide protein was removed from an aliquot of this extract by taking it to dry- 
ness, as described by Folch et al. The other half of each brain was homogenized in 
water, and 61.2 y aliquots were extracted as described in the text. The lipide analy- 
ses were performed according to the present method on both kinds of extracts, after 
taking an aliquot of the Folch extract equivalent to 61 y of wet brain. All the 
values are expressed as millimoles per kilo, wet weight. 



































Brain A Brain B 
Folch extract Folch extract 
Lipide 

Present Present 

Proteo- Proteo- 
Hee, thod sos thod 

Total | protein | | Totl | pita | 

removed removed 
Cephalins + lecithins........| 54.8 49.9 56.6 55.3 46.7 55.7 
Sphingomyelins............... 15.1 13.2 9.8 14.2 12.5 8.5 
Total lipide P................ 69.9 62.6 66.4 69.5 59.2 64.2 
“ sphingolipides.......... 29.0 32.1 32.6 30.9 30.9 





first two alcohol extracts there were found to be present, in millimoles per 
kilo, wet weight, total phospholipides 68.6, cephalins 34.4, lecithins 26.0, 
and sphingomyelins 8.2. The pooled third alcohol extract and isopropyl 
ether extracts contained less than 1 per cent of these values for any of these 
constituents. A second experiment was made to compare the results of 
the present extraction method with those of the method of Folch et al. (19). 
These authors have reported that the washed extracts prepared by their 
method contain essentially all the tissue lipides, except for part of the 
strandin and of the diphosphoinositide. The present method, for the com- 
ponents analyzed, extracts substantially the same amount of lipide as does 
the Folch procedure (Table I). The only exception to this generalization 
might be that somewhat more sphingomyelin phosphorus was extracted 
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by the Folch procedure than by this procedure. This is inconsistent with 
the fact that total sphingolipides were approximately equal by the two 
methods. Whether the discrepancy concerns true sphingomyelin or not 
has not been ascertained. The lower values in the Folch procedure, with 
the protein moiety of the proteolipides removed, compared with the higher 
values when this protein moiety was present, were not explained.’ 

Steps 6 and 6—Hydrolysis with 0.25 n KOH gave the same results within 
experimental error for total phospholipides, cephalins, lecithins, and 
sphingomyelins, as did hydrolysis with 1 Nn KOH. The weaker alkali was 
introduced to simplify the subsequent acidification to an exact acid con- 
centration. The necessity for acid hydrolysis of plasmalogens (Step 6) 
was indicated by determining total cephalins plus lecithins and sphingo- 
myelins in 59.2 y of brain with and without an acidification step. With 
acid treatment, the acid-soluble phosphorus increased from 44.2 to 49.4 
mo per kilo of wet brain, whereas the hexanol-soluble phosphorus decreased 
correspondingly from 16.8 to 12.1 mmoles per kilo. 

Step 7—A major departure from the method of Schmidt et al. (6) is the 
separation of sphingolipides by hexanol extraction from the lipide hydro- 
lysate instead of by precipitation with acid and filtration, which would be 
very difficult on a micro scale. In the Schmidt method, sphingomyelin is 
calculated as the difference between total phospholipide and the sum of 
lecithin plus cephalin rather than by direct determination, as in the present 
method. The results by the two methods are in good agreement (Table 
II). 

The pure lipide standards used in the development of this method be- 
haved as expected on extraction with hexanol. After hydrolysis, the 
phosphorus and amino groups of DMC and DML were acid-soluble and 
hexanol-insoluble. Sphingomyelin, triacetylsphingosine, N-acetyldihy- 
drosphingosine, and dihydrosphingosine remained hexanol-soluble, with 
regard to both the P in sphingomyelin and the reactive amino groups, after 
hot acid hydrolysis, in all four compounds. In brain, in the aqueous layer 
the amount of FDB-reactive material (cephalins) did not change on hy- 
drolysis with strong HCl. In the hexanol layer, FDB-reactive material 
before strong HCl hydrolysis (Step 10) was less than 1 per cent of that 
after HCl hydrolysis (sphingolipides). 

Steps 8 and 11—The reactions of FDB with serine, DMC before and 
after hydrolysis, dihydrosphingosine, sphingomyelin, triacetylsphingosine, 
N-acetyldihydrosphingosine (the last three after hydrolysis), and portions 
of the lipide hydrolysate from brain were tested under varying conditions. 

7 The value of 0.2 to 0.4 per cent phosphorus in the protein residue before exhaus- 


tive reextraction (19) would account for only an extra 2 mmoles of phosphorus per 
kilo, wet weight, in the extract with the proteolipide protein present. 
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In all instances, optimal conditions for the reaction of FDB with any of 
these compounds were pH 9; heating, 30 minutes at 60°; 4.5 to 5mm FDB, 
and 0.08 to 0.4 mm lipide or serine. At pH 8 to 9.5 the reaction was com- 
plete in 30 minutes at 60° and in 60 minutes at 45°. With mixed brain 
lipides and 1, 1.7, 2.6, 3.5, and 4.5 to 10 mm FDB, the reaction was, re- 
spectively, 58, 80, 87, 94, and 99 per cent complete in 30 minutes. Con- 
centrations of FDB above 5 mm were avoided because of a tendency for 
precipitation on dilution with HCl. The amount of color with increasing 
concentrations of DMC, dihydrosphingosine, and brain was proportional 
over a wide range of concentration (Fig. 2). Although the absorption peak 


TaBLeE II 
Comparison of Present Analytical Method with Method of Schmidt et al. (6) 

5 gm. of each of four rabbit brain homogenates, after TCA precipitation, were ex- 
tracted successively with 150 ml. portions of absolute ethanol 0.1 N in potassium ace- 
tate, absolute ethanol, absolute ethanol at 60° for 20 minutes, and isopropyl ether 
(twice). The lipide extracts were evaporated to dryness under reduced pressure, and 
aliquots equivalent to 60 y of wet brain were analyzed by the present method, as 
compared with 1 gm. aliquots analyzed by the Schmidt method. All the values 
are expressed as millimoles per kilo, wet weight. 














Brain C Brain D Brain E Brain F Average 
Lipide j 

Schmidt} Present |Schmidt/Present |Schmidt|Present |Schmidt! Present Schmidt! Present 
method |method |method |method |method |method |method |method ee 

Cephalins + lec- 
a ee 52.1 | 52.8 | 55.6 | 58.5 | 48.9 | 50.6 | 49.1 | 51.7 | 51.4 | 53.4 
Sphingomyelins.| 7.0] 9.1] 3.8| 9.0] 12.7] 8.2] 9.1] 9.4] 8.2] 8.9 
Total lipide P..} 59.1 | 61.9 | 59.4 | 67.5 61.6 | 58.8 | 58.2 | 61.1 | 59.6 | 62.3 
































for the dinitropheny] derivatives of these lipides is at approximately 360 my, 
measurements cannot be made at this wave-length because the blank read- 
ing is much too high. At 420 mu the blank absorption is low enough to 
permit reading without extraction of dinitrophenol (the major FDB end- 
product). Alternatively, sufficient dinitrophenol may be removed with 
the bromobenzene-heptane mixture, without loss of lipide derivatives, to 
permit measurements at 380 my. Attempts to remove all of the blank 
absorption resulted in analytical losses. In determining total sphingo- 
lipides, propionic acid must be added to make soluble the lipides present. 
This precludes the use of an extraction procedure similar to that used for 
cephalins. 

When FDB was allowed to react with serine and DMC (after hydrolysis), 
the molar extinction coefficients of the resulting products (Step 8) were, at 
380 mu, serine 10,200 and DMC 10,000; and at 420 my, serine 4800 and 
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DMC 5000. The molar extinction coefficients of the FDB products with 
serine and dihydrosphingosine, after HCl treatment in Step 10, were, in 
the presence of propionic acid (Step 11) at 420 my, serine 4500 and dihy- 
drosphingosine 5200. Therefore, if serine rather than the pure lipide is 
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Fic. 2. Proportionality between optical density and concentrations of brain and 
of pure lipides. These brain lipides and pure lipides were allowed to react with 5 
mm FDB as described in the text at the various concentrations (during reaction) 
indicated. The total volumes differed in the four experiments. 


used as the standard for these analyses, the « obtained must be corrected 
to the ¢ of the pure lipide by multiplying the e of the serine by the appro- 
priate factor: 0.98 for cephalins at 380 my, 1.04 for cephalins at 420 mu, 
and 1.15 for total sphingolipides. After acid hydrolysis, N-acetyldihy- 
drosphingosine and triacetylsphingosine also gave a molar extinction co- 
efficient of 5200 after reaction with FDB; this indicates that the hydrolysis 
of these substances in 6 N HCl at 100° gave products, presumably dihy- 
drosphingosine and sphingosine, respectively, which, when allowed to react 
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TABLE III 
Effect of Time of Hydrolysis on Sphingolipides of Brain and Pure Sphingolipides 
These substances were hydrolyzed as described in Step 10, and then allowed to 
react with FDB as described in Step 11. The optical density was then determined 
at 420 mp. All the values are expressed as optical density readings. 





Time of Dihydro- Triacetyl- |1V-Acetyldihydro-| Sphingo- 








{ i c i y t | Sphingolipides 
hydrolysis sphingosine | sphingosine sphingosine myelin | of brain 
min. | | 
0 | 0.681 0.004 | 0.002 | 0.001 0.001 
5 | | 0.499 | 0.560 | 0.488 
10 | | | | 0.631 
15 | 0.604 | (0.657 | 0.663 | (0.720 0.079 
30 0.688 0.664 0.680 0.765 0.097 
60 | 0.691 0.659 0.667 | 0.791 0.106 
90 0.649* | 0.659 0.669 | 0.794 0.109 
120 0.655 | 0.668 0.808 0.100 
180 0.624 0.650 | 0.649 | 0.819 
240 +. yc Bu a es t 


| | | | 
* In another experiment, there was no appreciable change in the optical density 
reading of dihydrosphingosine at 0 minute (0.760) as compared with 90 minutes 
(0.764). 
+ At 240 minutes, all the values became irregular and low. 





TaBLe IV 
?ecovery of Added Pure Lipides 
The method was that described under ‘‘Analytical procedure.’”’ The pure lipides 
were added just prior to Step 5; KOH hydrolysis. 





























Lipides added, mumoles Per cent recovery 
— Brain, wet| : 
Rabbit No. ight Ei Dihydro- P Dihydro- 
— DMC | DML* pam sphingo- pac | DMC + Sphinge- sphingo- 
J 
1 57.0 | 2.94 | 1.35 | 0.80 8.92t 92 98 106 94t 
2 61.0 | 6.53 | 3.01 | 2.08 8.92t 97 94 104 92t 
3 57.0 | 2.54 | 1.35 | 0.80 94 91 111 | 
4 57.0 | 2.54 | 1.35] 0.80 | 8.92 99 | 100 98 | 91 
5 59.2 | 3.02 | 2.36 | 2.08 93 92 104 | 
6 | 59.2 | 3.02 | 2.36 2.08 8.55 102 90 101 94 
Average. . | | 96 94 104 93 

















* In two experiments, on rabbit Brains 1 and 4, DML (1.35 mymoles) was added 
separately; its recovery was 103 per cent in both brains. 

+ In four instances, rabbit Brains 1, 2, 4, and 6, sphingomyelin (1.72 mumoles) 
was added and recovered, after hydrolysis, as the dinitrophenyl derivative (FDB 
reaction) rather than by a phosphate determination as in Table IV. These recover- 
ies averaged 99 per cent. 

t Recoveries on 61.2 y of wet brain from two other rabbits. 
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with FDB, gave the same molar extinction coefficient as the pure dihydro- 
sphingosine. The isolated natural product, sphingomyelin, after hydroly- 
sis, gave a molar extinction coefficient of 5600 when allowed to react with 
FDB. 

Step 10—Hydrolysis of the amide linkage of the sphingolipides is nec- 
essary to expose the amino group of the base sphingosine for subsequent 
reaction with FDB. Hydrolysis of the sphingolipides was unsatisfactory 


TABLE V 
Reproducibility Experiments 
Unless otherwise indicated, all the experiments were on 59.2 y of wet rabbit 
brain. All the values are expressed as millimoles per kilo, wet weight. 

















Determination No. es + Cephalins* Lecithins a Unides (td 
1 47.0 23.7 23.3 8.7 31.3 
2 47.5 26.8 20.7 8.9 31.3 
3 52.5 31.4 21.1 8.4 35.2 
4 51.4 26.6 24.8 8.8 33.7 
5 48.5 28.2 20.3 9.1 33.4 
6 47.2 29.2 18.0 8.6 27.7 
7 47.2 30.2 17.0 9.4 33.4 
8 52.7 27.0 25.7 9.1 30.4 
9 49.5 30.2 19.3 9.3 26.8 
10 50.6 26.6 24.0 9.4 27.7 
11 30.4 
12 | 25.9 
OTT 49.4 28.0 | 21.4 9.0 30.6 
Standard deviation..... +2.1 +2.1 +2.8 +0.3 +2.9 
Coefficient variation.... 4.2% 7.5% 13.0% 3.7% 9.5% 

















*In another experiment on another brain, twelve cephalin determinations av- 
eraged 35.6 + 1.4 mmoles per kilo with a coefficient of variation 3.9 per cent. 
+ This experiment was performed at another time on another brain. 


in alkali, 1 Nn HCl, and 3 n HCl at any temperature from 25-100°. At 
38-60° in 6 N HCl, there was no appreciable hydrolysis in 3 hours. Hy- 
drolysis for 60 minutes in 6 N HCl in a boiling water bath was satisfactory 
(Table III). If the hydrolysis was prolonged to 120 minutes, slight de- 
struction of brain sphingolipides apparently occurred. Two brains were 
homogenized and extracted according to Folch et al. (19). Total sphingo- 
lipides were measured by the present method (100 y, wet weight) and by 
that of McKibbin and Taylor (5), in which total N, determined by « 
Kjeldahl procedure after extraction and hydrolysis, is used as a measure of 
total sphingosine. The values found by the two methods were, respec- 
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tively, for Brain A, 29.0 and 29.5 mmoles per kilo, and for Brain B, 30.9 
and 30.4 mmoles per kilo. The complete hydrolysis of sphingolipides is 
notoriously difficult; however, the agreement between these methods and 
the results in Table III indicates that at least the amide linkage in the 
sphingolipides was quantitatively hydrolyzed. 

Step 12—The presence of the large amount of NaCl in Step 12 (from the 
HCl and NaOH in Step 10) requires a change in the ashing procedure. 
During ashing there is a loss of acid as HCl equal to the NaCl present. 
Therefore, enough excess H,SO, is included in the ashing mixture to com- 
pensate and provide a final concentration of 0.5 M + 0.025 m, as required 
for phosphate measurement (10). In the method given under “Analytical 
procedure,” it can be calculated that 27 umoles of NaCl are present. This 
reacts with 27 uwmoles (54 weq.) of HSO, to produce NaHSO,. Thus, for 
a final concentration of 0.5 m in the 50 ul. of final volume, 104 yeq. (10.4 
ul. X 10.0 nN) of H.SO, must be in the ashing mixture. 

Recovery and Reproducibility—Average recoveries of the several lipides 
ranged from 93 to 104 per cent (Table IV). The precision of the measure- 
ment was satisfactory, although the coefficient of variation was relatively 
high for lecithins, which are calculated by difference (Table V). 


RESULTS AND DISCUSSION 


The amounts of phospholipides and sphingolipides in rabbit brain, meas- 
ured in 60 y of wet brain in this study (Table VI), are similar to the amounts 
reported by Johnson ef al. (3) in the same species and by McKibbin and 
Taylor (4, 5) in the dog (Table VII), measured on from 35 to 200 mg. of 
brain. 

The possibility of using only 10 y of dry brain permits the analysis of 
relatively homogeneous, discrete histological layers in the brain. A previ- 
ous study (20) by the present method described the distribution of cepha- 
lins, lecithins, sphingomyelins, and total phospholipides in the six layers of 
Ammon’s horn in the rabbit. The accompanying paper (11) describes 
the distribution of these substances and that of total sphingolipides and 
non-phosphorus-containing sphingolipides in the cerebellar cortex and sub- 
jacent white matter of the monkey. 

The analytical procedure used in the present study could be extended to 
the analysis of other lipide components, to cerebrosides by a sugar de- 
termination in the hexanol extract, to plasmalogens by an aldehyde de- 
termination in the hexanol extract, and to the individual measurement of 
phosphatidyl ethanolamine and phosphatidyl] serine by measuring the aque- 
ous soluble ethanolamine and serine resulting from the KOH hydrolysis by 
appropriate solvent extraction, following the reaction with FDB (21). 

Although tissues other than brain were not tested, presumably this 
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TaBLe VI 


Lipides in Rabbit Brain 


All measurements were made in triplicate on from 57 to 69 y of brain, wet weight. 
Water homogenates were made from rabbit brains severed just caudal to the inferior 


colliculi. All the values are expressed as millimoles per kilo, wet weight. 











Cepha Total . Non-phospho- 

ne iing.t,| line” [Fecithins|sphingo- | yeline |Zu;coNiRIN | upide P 
1 47.8 39.4 8.4 31.0 10.3 20.7 58.1 
2 49.4 | 28.0] 21.4] 29.9 9.0 20.9 56.3 
3 48.4 | 31.0 17.4] 30.0] 13.7 16.3 62.1 
4 58.3 35.1 23.2 7.5 65.8 
5 53.8 | 34.0 19.8 10.4 64.2 
6 54.7 | 41.8 12.9 9.9 64.6 
7 59.9 | 41.7 18.2 10.2 70.1 
8 53.2] 33.1 20.1 9.4 62.6 
9 58.0 33.0 25.0 11.6 69.6 

10 34.3 12.6 21.7 

11 | 32.5 12.3 20.2 
| __SR RC EST S ie crane 58.7 | 35.2) 18.5); 31.5 10.6 20.0 63.7 
Standard error of mean.) +1.5 | 41.6 | +1.6 | +0.8 | +0.6 +1.0 +1.5 


























TaBLeE VII 


Amounts of Lipides in Brain Tissue; Comparison of Three Studies 
All the values, except the ratios, are expressed as millimoles per kilo, wet weight. 














Present Johnson McKibbin- 
method et al. (3)* Taylor (4, 5)t 
Lipides 
Rabbit Rabbit Dog 
Cephalins + lecithins...................... 53.7 54.0 
= SN SAE CSTR ee nee oe 35.2 36.5 
RN In igo a trax ein mar de wena 18.5 17.4 
Total sphingolipides........................ 31.5 34.5 
IS 0 ssa <cv 0s be xwedawets va2 10.6 13.5 
Total phospholipides....................... 63.7 67.5 65.9 
PEP ics th8aCs WO e okiSKaa tas Shaw 95.8 97.5 
= PAT NS ies sod waren iow kaans 29.1 30.9 24.5 
(Choline N/total N) X 100................. 30.4 25.1 
(Total sphingosine/total N) X 100.. 32.9 35.3 
(Sphingomyelins/total phospholipides) x 100 16.6 20.0 








Bi 
x 








* Recalculated, assuming an average molecular weight of 800 (2) for the lipides. 


T Recalculated, assuming that the lipide-free dry weight is 11 per cent of the wet 


weight. 
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method would be applicable to them. For example, for a duplicate de- 
termination of plasma phospholipides, less than 20 yl. of plasma would be 
. needed. However, each new tissue would have to be tested, in view of 
r the report of Mallov et al. (22) that the method of Schmidt e¢ al. (6) is un- 
satisfactory for cardiac lipides. 


SUMMARY 


Methods are described for measuring cephalins, lecithins, total sphingo- 
lipides, sphingomyelins, non-phosphorus-containing sphingolipides, and 
; | total phospholipides in a single 10 y, dry weight, specimen of brain. 


BIBLIOGRAPHY 


. Robins, k., and Lowry, O. H., Federation Proc., 10, 238 (1951). 

. Brante, G., Acta physiol. Scand., 18, suppl. 63 (1949). 

. Johnson, A. C., McNabb, A. R., and Rossiter, R. J., Biochem. J., 48, 573 (1948). 

. McKibbin, J. M., and Taylor, W. E., J. Biol. Chem., 178, 17 (1949). 

. McKibbin, J. M., and Taylor, W. E., J. Biol. Chem., 178, 29 (1949). 

. Schmidt, G., Benotti, J., Hershman, B., and Thannhauser, 8. J., J. Biol. Chem., 
166, 505 (1946). 


ee a EE ae aS Cl” 


ook Wh 











i) 7. Folch, J., J. Biol. Chem., 177, 505 (1949). 
: 8. Taylor, W. E., and McKibbin, J. M., J. Biol. Chem., 201, 609 (1953). 
9. Schmidt, G., Ottenstein, B., and Bessman, M. J., Federation Proc., 12, 265 (1953). 
oa 10. Lowry, O. H., Roberts, N. R., Leiner, K. Y., Wu, M.-L., and Farr, A. L., J. Biol. 
Chem., 207, 1 (1954). 
11. Robins, E., Eydt, K. M., and Smith, D. E., J. Biol. Chem., 220, 677 (1956). 
12. Lowry, O. H., J. Histochem. and Cytochem., 1, 420 (1953). 
13. Albers, R. W., and Lowry, O. H., Anal. Chem., 27, 1829 (1955). 
a. 6 14. Baer, E., Maurukas, J., and Russell, M., Science, 113, 12 (1951). 
> 15. Baer, E., and Kates, M., J. Am. Chem. Soc., 72, 942 (1950). 
t 16. Marinetti, G., Berry, J. F., Rouser, G., and Stotz, E., J. Am. Chem. Soc., 75, 
ig 313 (1953). 
17. Carter, H. E., Norris, W. P., Glick, F. J., Phillips, G. E., and Harris, R., J. Biol. 
as. Chem., 170, 269 (1947). 
18. Zabin, I., and Mead, J. F., J. Biol. Chem., 205, 271 (1953). 
19. Folch, J., Ascoli, I., Lees, M., Meath, J. A., and LeBaron, F. N., J. Biol. Chem., 
191, 833 (1951). 
20. Lowry, O. H., Roberts, N. R., Leiner, K. Y., Wu, M.-L., Farr, A. L., and Albers, 
R. W., J. Biol. Chem., 207, 39 (1954). 
21. Axelrod, J., Reichenthal, J., and Brodie, B. B., J. Biol. Chem., 204, 903 (1953). 
22. Mallov, 8., McKibbin, J. M., and Robb, J. 8., J. Biol. Chem., 201, 825 (1953). 
2S. } 
wet | 
| 














DISTRIBUTION OF LIPIDES IN THE CEREBELLAR CORTEX 
AND ITS SUBJACENT WHITE MATTER* 
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As part of a study of the quantitative histochemistry of the cerebellum 
(1, 2), the distribution of cephalins, lecithins, total sphingolipides, sphingo- 
myelins, non-phosphorus-containing sphingolipides, total phospholipides, 
cholesterol, and total lipides has been determined in frozen-dried samples, 
weighing 1 to 20 y, of the molecular and granular layers of the cerebellar 
cortex and in the immediately subjacent white matter. The total lipides 
were measured two ways, by the sum of the lipide fractions and by gravi- 
metric determination (loss of weight upon extraction with hexane and 
chloroform). 


Material and Methods 


Tissues were obtained from monkeys (Macaca mulatta), as described 
previously (1). The general methods for obtaining and manipulating 
frozen-dried material for microchemical analysis and for the extractions 
with hexane, chloroform, and alcohol have been described (3, 4). The 
chemical methods for phospholipides and sphingolipides are described in 
the preceding paper (5). Cholesterol was determined by a fluorometric 
procedure (6). 


RESULTS AND DISCUSSION 


The total amount of lipide in the molecular cortex, granular cortex, and 
subjacent white matter was 31, 25, and 58 per cent of the dry weight, re- 
spectively (Table I). The values for total lipide obtained by gravimetric 
and chemical methods are in good agreement (Table I), especially if the 
alcohol extraction of the dried sample (Column 4) is assumed to remove a 
small amount of lipide not removed by the hexane or chloroform. It will 
be noted that hexane extracts a different proportion of the total lipide in 
different layers. Hexane presumably removes all of the cholesterol. From 
the amounts of the various lipides present in each layer, it seems probable 
that hexane extracts 60 to 80 per cent of the lecithins and cephalins and 
very little of the sphingolipides. 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc., 
and the National Multiple Sclerosis Society. 
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The results for total lipides agree well with those on more macro samples 
of cerebrum, which, in other studies (7-9), have varied from 29 to 35 per 
cent of the dry weight for cerebral cortex to 55 to 61 per cent for the cen- 
trum ovale, and with those found in a study on 1 to 10 y samples of Am- 
mon’s horn (10). In Ammon’s horn there are layers that are histologically 
comparable to those of the cerebellar molecular layer, granular layer, and 
subjacent white matter. The total lipide values in these layers in the 
rabbit (10) (molecularis 31 per cent, pyramidalis 20 per cent, and alveus 


TABLE I 
Dry Weight and Total Lipides in Cerebellar Cortex and Its Subjacent White Matter 
All the values are expressed as per cent of dry weight unless otherwise indicated. 
Each value in Columns 1 to 4 is an average of five to eleven single determinations. 
The data in Columns 1 to 5 are on a different set of samples from those in Columns 6 
to 8. 











2 . . Total Total Total 
Dry weight removed by successive extractions ee phos- 3 —- 
Cerebellar layer} Dry weight metric |); we + 2 cal 
method |, hingo-| = methods 
Hexane CHCh Ethanol @t fipide* 5 a 
(1) (2) (3) (4) (5) (6) (7) (8) 
gm. per l. 
Molecular. .| 203 + 4f/19.7 + 0.3) 8.7 + 0.3)11.7 + 1.6} 28.4 | 25.8 | 5.0) 30.8 
Granular...| 227 + 3 |12.8 + 0.4) 9.9 + 0.9) 6.9 0.6} 22.7 | 20.7 | 4.0) 24.7 
Subjacent 
white 
matter... | 327 + 6 |27.8 + 1.2/27.7 + 2.4) 6.5 + 0.5) 55.5 | 43.9 |14.0) 57.9 





























* Calculated from the data in Table II (Column 7), a molecular weight of 800 for 
the lipides being assumed (7). 

{ Calculated from the data in Table II (Column 8). 

¢ Standard error of the mean. 


58 per cent) agree well with those in the comparable layers of the cere- 
bellum. 

This study confirms the finding (10) that densely cellular areas of the 
nervous system, e.g. pyramidalis of Ammon’s horn and granular cortex of 
the cerebellum, have a significantly lower total lipide content than other 
less cellular areas of gray matter. The value for total lipide would prob- 
ably be even lower if these densely cellular areas did not also contain an 
admixture of axons. 

The distribution of the several lipide fractions, measured chemically, is 
indicated in Table II. In comparing molecular cortex with granular cortex, 
it is evident that, with one exception, the molecular layer has in all cate- 
gories at least 24 per cent more lipide, based on dry weight, than does 
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granular cortex (total sphingolipide, the sum of two categories, being ig- 
nored). The non-phosphorus-containing sphingolipides are the striking 
exception; their concentration in the molecular layer is less than a quarter 
that in the granular layer. 

The non-phosphorus-containing sphingolipides of brain are composed of 
cerebrosides, gangliosides, ceramides, and sulfatides (7). The cerebrosides 
and gangliosides are quantitatively the most abundant. The much higher 
value for the non-phosphorus-containing sphingolipides in the densely cellu- 
lar granular cortex as compared with the molecular cortex is probably due 
to the presence of gangliosides, which are known to occur in nerve cell 
bodies, in the granular cortex. Therefore, cerebrosides must be present 
in a low concentration in both molecular and granular layers. In other 
studies (7, 8, 11), somewhat higher values for ‘‘cerebrosides” in gray mat- 
ter have been reported. In these studies “‘cerebrosides” were measured 
by a sugar determination, which actually measures both cerebrosides and 
gangliosides, since both of these lipides are sugar-containing. Since gang- 
liosides contain 3 moles of hexose per mole of sphingosine (12), whereas 
cerebrosides contain 1 mole per mole, each mole of ganglioside contributes 
three times as much to the values determined by a sugar measurement as 
does each mole of cerebroside. On the other hand, when the measurement 
of sphingosine rather than of sugar is used to determine these lipides, each 
mole of ganglioside and of cerebroside contributes equally to the final 
value. Since gangliosides are concentrated in the gray matter, it would 
be expected that a sugar determination would give higher estimates in 
gray matter for cerebroside content than would a sphingosine determina- 
tion. 

The results of more macro studies on cerebral cortex (not further sub- 
divided) are more similar quantitatively to the present findings in the 
molecular layer than they are to those in the granular layer. This suggests 
that the occurrence of the relatively sparsely distributed nerve cells in the 
cerebral cortex (relative to the densely cellular cerebellar granular layer) 
contributes little quantitatively to the lipide pattern found in that struc- 
ture, and that the axons, dendrites, and vertical and horizontal myelinated 
fibers contribute importantly to this lipide pattern. 

The relatively low lipide content of the granular cortex compared with 
that of the molecular cortex, and of both compared with white matter, is 
to some extent misleading, since even the granular layer still contains at 
least as much lipide as liver or kidney (13-15). 

In comparing the subjacent white matier with the molecular cortex and 
granular cortex, it can be seen (Table II) that, with the exception of the 
lecithins, the white matter contains significantly more lipide than does 
either molecular or granular cortex. The lecithins are actually higher in 
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TABLE I 
Dry Weight and Total Lipides in Cerebellar Cortex and Its Subjacent White Matter 
All the values are expressed as per cent of dry weight unless otherwise indicated. 
Each value in Columns 1 to 4 is an average of five to eleven single determinations. 
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- . P Total Total Total 
Dry weight removed by successive extractions] lipide, hea = | lipides, 
gravi- | Pie | § | chemi- 
Cerebellar layer| Dry weight metric tibia +| 3 cal 
method cal = methods 
Hexane CHCl Ethanol Ost lipide* ra + 
(1) (2) (3) (4) (5) (6) 7) (8) 
gm. perl. 
Molecular. .} 203 + 4$/19.7 + 0:3) 8.7 + 0.3)11.7 4 1.6) 28.4 | 25.8 | 5.0) 30.8 
Granular...| 227 + 3 |12.8 + 0.4) 9.9 + 0.9) 6.9 + 0.6) 22.7 | 20.7 | 4.0) 24.7 
Subjacent 
white 
matter... | 327 + 6 |27.8 + 1.2/27.7 4 2.4) 6.5 + 0.5) 55.5 | 43.9 |14.0) 57.9 





























* Calculated from the data in Table II (Column 7), a molecular weight of 800 for 
the lipides being assumed (7). 

+ Calculated from the data in Table II (Column 8). 

t Standard error of the mean. 


58 per cent) agree well with those in the comparable layers of the cere- 
bellum. 

This study confirms the finding (10) that densely cellular areas of the 
nervous system, e.g. pyramidalis of Ammon’s horn and granular cortex of 
the cerebellum, have a significantly lower total lipide content than other 
less cellular areas of gray matter. The value for total lipide would prob- 
ably be even lower if these densely cellular areas did not also contain an 
admixture of axons. 

The distribution of the several lipide fractions, measured chemically, is 
indicated in Table II. In comparing molecular cortex with granular cortex, 
it is evident that, with one exception, the molecular layer has in all cate- 
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granular cortex (total sphingolipide, the sum of two categories, being ig- 
nored). The non-phosphorus-containing sphingolipides are the striking 
exception; their concentration in the molecular layer is less than a quarter 
that in the granular layer. 

The non-phosphorus-containing sphingolipides of brain are composed of 
cerebrosides, gangliosides, ceramides, and sulfatides (7). The cerebrosides 
and gangliosides are quantitatively the most abundant. The much higher 
value for the non-phosphorus-containing sphingolipides in the densely cellu- 
lar granular cortex as compared with the molecular cortex is probably due 
to the presence of gangliosides, which are known to occur in nerve cell 
bodies, in the granular cortex. Therefore, cerebrosides must be present 
in a low concentration in both molecular and granular layers. In other 
studies (7, 8, 11), somewhat higher values for “‘cerebrosides” in gray mat- 
ter have been reported. In these studies “‘cerebrosides” were measured 
by a sugar determination, which actually measures both cerebrosides and 
gangliosides, since both of these lipides are sugar-containing. Since gang- 
liosides contain 3 moles of hexose per mole of sphingosine (12), whereas 
cerebrosides contain 1 mole per mole, each mole of ganglioside contributes 
three times as much to the values determined by a sugar measurement as 
does each mole of cerebroside. On the other hand, when the measurement 
of sphingosine rather than of sugar is used to determine these lipides, each 
mole of ganglioside and of cerebroside contributes equally to the final 
value. Since gangliosides are concentrated in the gray matter, it would 
be expected that a sugar determination would give higher estimates in 
gray matter for cerebroside content than would a sphingosine determina- 
tion. 

The results of more macro studies on cerebral cortex (not further sub- 
divided) are more similar quantitatively to the present findings in the 
molecular layer than they are to those in the granular layer. This suggests 
that the occurrence of the relatively sparsely distributed nerve cells in the 
cerebral cortex (relative to the densely cellular cerebellar granular layer) 
contributes little quantitatively to the lipide pattern found in that struc- 
ture, and that the axons, dendrites, and vertical and horizontal myelinated 
fibers contribute importantly to this lipide pattern. 

The relatively low lipide content of the granular cortex compared with 
that of the molecular cortex, and of both compared with white matter, is 
to some extent misleading, since even the granular layer still contains at 
least as much lipide as liver or kidney (13-15). 

In comparing the subjacent white matter with the molecular cortex and 
granular cortex, it can be seen (Table II) that, with the exception of the 
lecithins, the white matter contains significantly more lipide than does 
either molecular or granular cortex. The lecithins are actually higher in 
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the molecular cortex than in white matter and are approximately equal in 
the granular cortex and white matter. The lipides which are most abun- 
dant in white matter as compared with the cortex, in order of decreasing 


TaB_eE II 
Lipide Fractions in Cerebellar Cortex and Its Subjacent White Matter 
All the values are expressed as millimoles per kilo of dry weight. 







































































[des : Total 
T- r 
no | cana reie| | Tote [Sees oie | BERS 
on- | tions | Genha-| Leci- | © ota ee phospho- | lipides Cho- 
Cerebellar layer | ey | for | ins” | thins |B |SpHIRE-|"sphingos | UPS, | *BRINE™ | lesterol 
lipide S (4) — (3) (3) (1) + 
frac- = (2) + (4) 
tion & 
Mm |@a}@o|] @ (5) (6) (7) (8) 
Molecular...| 1 4 128 | 137 | 42 | 48 6 307 313 130 
+6* | +1} 42/41 | +2 +4 +4 | +12 
| 2 | 6 | 133 | 140] 47 | 60 13 320 333 | 132 
| +4 | 42/42/42 | +2 +2 | +1 | 43 
errr 131 | 138 | 44 | 54 10 313 323 131 
+3 | +1] 41/43 | +2 +1 +4 | +6 
Granular. a 1|5 |86 |96 |32 |es | 32 214 | 246 | 94 
+2 | 45/42/44 | +3 +3 +5 | +5 
2 | 5¢ |90 | 93 | 34 | 87 53 217 270 | 121 
+2 | 42/42/43 | +2 +2 +1 | +5 
MR cause ces 88 | 95 | 33 | 76 43 215 | 259 | 107 
42 | +2] +1] +4 +4 +1 +5 +7 
Subjacent | 1 | 7t | 199 | 106| 82 | 233 | 151 | 387 | 538 | 375 
white | +5 | 44/43/49 | +9 | +8 +10 | +27 
matter | | 
2 | 6F | 199 | 100/75 | 261 | 186 | 374 | 560 | 353 
| | | 6 | 4] #2] att] 11 | 47 | +10 | +19 
:° 4 ‘i, Sea | eae 
Mean..........| | 199 | 103 | 78 | 247 | 169 380 | 549 | 364 
| +3 | 43/42/48 | +8 +6 | +7 | +16 








* Standard error of the mean. 
+ The number of determinations for cholesterol in these animals were, respec- 
tively, 4, 5, and 5. 


relative abundance, are the non-phosphorus-containing sphingolipides, 
cholesterol, sphingomyelins, and cephalins. (The non-phosphorus-con- 
taining sphingolipides of white matter are chiefly cerebrosides.) It has 
been suggested (16) that cerebrosides, cholesterol, and sphingomyelins, 
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rather than cephalins and lecithins, constitute the lipides of the myelin 
sheath. The present results, however, suggest that, quantitatively, the 
cephalins in cerebellar white matter are as important as the sphingomyelins. 
These results are confirmed for white matter in another location in a study 
(7) of the human cerebrum, where it was found that the ratio of cephalins 
in cerebral white matter (centrum ovale) to cephalins in gray matter (cere- 
bral cortex) approached that of the sphingomyelins in the same locations 
(1.52 versus 1.78), and that the ratio for lecithins is quite different (0.79). 
These are almost exactly the same ratios found in this study for cere- 
bellar white matter to molecular cortex: 1.52, 1.77, and 0.75, respectively. 
Brante (7) further showed that, in white matter, these cephalins were pre- 
dominantly phosphatidyl serines. This suggests that characteristic lip- 


ides of myelin should include phosphatidy] serines in addition to the ones 
noted above. 


SUMMARY 


1. Quantitative data have been obtained on the distribution of cephalins, 
lecithins, total sphingolipides, sphingomyelins, non-phosphorus-containing 
sphingolipides, total phospholipides, cholesterol, and total lipides in the 
molecular and granular layers of the cerebellar cortex and its subjacent 
white matter. 

2. The granular cortex has the lowest lipide content of the three layers. 
This is attributed to the presence of densely packed nerve cell bodies in 
this layer. 

3. Non-phosphorus-containing sphingolipides are present in a surpris- 
ingly low concentration in the molecular layer. They are present at a 
somewhat higher concentration in the granular layer. It is probable that 
gangliosides account for the higher value in the granular layer, and that 
cerebrosides, therefore, are present in a strikingly low concentration in 
both layers of the cerebellar cortex. 

4. It is suggested that cephalins (probably phosphatidyl] serines rather 
than phosphatidyl ethanolamines) are as characteristic of white matter 
(myelin) as are cerebrosides, cholesterol, and sphingomyelin. 
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THE REACTION OF NINHYDRIN WITH DIPEPTIDES: 
DIFFERENCES IN REACTION RATES AND 
THEORETICAL YIELDS 


By SAM YANARI 


(From the Research Division, Armour and Company, Chicago, Illinois) 
(Received for publication, July 7, 1955) 


Colorimetric ninhydrin methods (1, 2) are based on the measurement of 
the violet-colored product! which results from the oxidative deamination 
of a primary amino group by ninhydrin (1,2 ,3-indantrione) at pH values 
higher than 3 (3). Theoretical yields of the colored product are obtained 
from a-amino acids by preventing oxidative side reaction from occurring; 
e.g., by adding either stannous chloride (1) or reduced ninhydrin (hydrin- 
dantin) (2,4). Since the colored product is also formed from the primary 
amino groups of peptides (1), the ninhydrin method has been extended to 
assay proteins as well as peptides; e.g., chromatographic fractionation of 
proteins (5) and peptides (6, 7) and measurement of peptidase activity (8). 

Unexpected complications were encountered when the ninhydrin assay 
was adapted to measure the enzymatic hydrolysis of certain types of di- 
peptides. First of all, several-fold differences in the relative reaction rates 
of two diastereoisomeric dipeptides were observed. These differences were 
actually greater than those of many structurally unrelated dipeptides. 
Furthermore, the molar color yields of certain dipeptides were nearly 
twice those of other dipeptides. Studies on factors which affect the reac- 
tion rates and maximal color yields of dipeptides are reported in this paper. 


EXPERIMENTAL 


Materials—Peptides were purchased from the Mann Research Labora- 
tories, Inc., Hoffmann-La Roche, Inc., and the H. M. Chemical Com- 
pany, Ltd.; ninhydrin from the Pierce Chemical Company; and hydrin- 
dantin from the Dougherty Chemicals. 1-Ser-L-Tyr® was a gift from Dr. 
K. Hofmann of the University of Pittsburgh. No ninhydrin-positive ma- 
terials were detected by quantitative paper chromatography (10) when the 
peptides were examined at levels such that 3 to 4 per cent contamination 
would be detected.* Kjeldahl nitrogen determinations and ultraviolet 

1 Diketohydrindylidenediketohydrindamine. 

2 The following abbreviations are used: peptides, abbreviation of amino acid resi- 
dues, as suggested by Brand and Edsall (9); N-terminal and C-terminal residues, 
the terminal amino acid residues of a peptide possessing the free a-amino group and 
free carboxyl group, respectively. 

3 These studies were kindly carried out by W. F. White and A. M. Gross. 
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spectrophotometry (11) for tyrosine peptides provided additional meas- 
ures of the purity of the preparations used in this study. 

Methods—The ninhydrin method of Moore and Stein (1, 4) was used with 
slight modifications, depending on the nature of the experiments. The 
SnCl.-ninhydrin (1) reagent contained 0.112 m ninhydrin, 0.0035 m SnCls, 
0.1 m sodium citrate buffer, pH 5.0, and 50 volume per cent methyl] Cel- 
losolve. The components of the hydrindantin-ninhydrin reagent (4) were 
0.112 m ninhydrin, 0.0093 m hydrindantin, 1 mM sodium acetate buffer, pH 
5.5, and 75 volume per cent methyl Cellosolve. The reaction period at 
100° was varied. Routine measurements were made with a Klett-Sum- 
merson photoelectric colorimeter. The Beckman model DU spectropho- 
tometer was used to determine the spectra of the ninhydrin reaction mix- 
tures. Theoretical color yield, based on the extinction coefficient for the 
colored product (12), was obtained with the reference amino acid, L-leucine. 
The naphthoquinone sulfonate reaction, described in the legend for Fig. 2, 
was a slight modification of the method of Troll (13). 


Results 


Differences in Reaction Rates of Diastereoisomers—It was initially ob- 
served that the relative reaction rates of the diastereoisomers‘ L-Leu-L-Tyr 
and p-Leu-t-Tyr with ninhydrin varied from 2- to 5-fold, depending upon 
the experimental conditions. Evidence that the same colored product re- 
sulted from the reaction of ninhydrin with these dipeptides and L-leucine 
was provided by the identical nature of the spectra (350 to 750 my) of the 
reaction mixtures, particularly the absorption maxima at 403 and 570 mu. 

In order to obtain maximal color yields, the reaction period was extended 
beyond the 20 minute period which is routinely used for amino acids (1). 

The color yields from the dipeptides, as presented in Fig. 1, increased 
steadily, whereas the reference compound, L-leucine, gave maximal values 
after the first 5 minutes. Unexpectedly, however, the ‘‘molar” yield of 
t-Leu-L-Tyr approached a value of 2. Furthermore, dilution of the 1.2 
ml. reaction mixtures to 2.0 ml. with water prior to heating resulted in a 
substantial decrease in the reaction rate of p-Leu-t-Tyr. Thus, a wide 
range of relative color yields could be obtained from these diastereoisomers, 
depending upon the reaction period and the composition of the reaction 
mixture. 

The following experiments ruled out the possibility that impurities in 
the dipeptide preparations might account for the differences in reaction 
rates and the abnormally high “molar” color yields: (a) Theoretical values 
for tyrosine and nitrogen were obtained from ultraviolet spectrophotome- 
try (11) and Kjeldahl nitrogen determinations, respectively; (b) no nin- 


4 Enantiomorphs, p-Leu-Gly and t-Leu-Gly, react at equal rates. 
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hydrin-positive material could be detected by extraction with ethyl acetate 
or by microdiffusion of ammonia (14); (c) quantitative paper chromatog- 
raphy (10) showed single ninhydrin-positive components in each prepara- 
tion, the intensity of the spot of t-Leu-t-Tyr being 3 times that of p-Leu- 
L-Tyr;’ and (d) determinations of the dissociation constants® for these di- 
peptides indicated that theoretical amounts of free amino groups were 
present and that each preparation contained a single component. 
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Fic. 1. The reaction of diastereoisomeric dipeptides with ninhydrin. Each re- 
action mixture contained 0.1 umole of dipeptide and 1.0 ml. of SnCl.-ninhydrin re- 
agent. A and O, total volume, 1.2 ml., 42 volume per cent methyl Cellosolve; A 
and @, total volume, 2.0 ml., 25 volume per cent methy! Cellosolve. 

Fig. 2. The reaction of diastereoisomeric dipeptides with 1,2-naphthoquinone-4- 
sulfonate at 25°. Reaction mixture: 1.0 umole of amino acid or peptide, 200 zmoles 
of NaHCO; (pH 9.25), 8 umoles of 1,2-naphthoquinone-4-sulfonate; total volume, 
16 ml. At the end of each designated reaction period, 0.2 ml. of citrate buffer (pH 
3.0) and 0.2 ml. of 0.1 m ascorbic acid were added. After suitable dilution, the solu- 
tions were read in a Klett-Summerson photometer (500 my filter). 


The reaction rates of t-Leu-L-Tyr and p-Leu-t-Tyr with naphthoquinone 
sulfonate (Fig. 2) are in distinct contrast to the data in Fig. 1. Identical 
rates are obtained with the naphthoquinone reagent in aqueous solutions 
at room temperature. These data indicate molar equivalence of the di- 
peptide preparations and further emphasize the uniqueness of the fact 
that these diastereoisomers do react at different rates with ninhydrin. 


5 The dissociation constants were determined by a method similar to that of Ellen- 
bogen (15). The pK.’ for p-Leu-t-Tyr (8.3) was considerably higher than that of 
L-Leu-L-Tyr (7.9) (unpublished results). 
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Factors Which Affect Reactivity of Dipeptides—The concentration of 
methyl Cellosolve had a pronounced effect on the molar color yields of the 
diastereoisomers with ninhydrin (Fig. 3). The results for a 12 minute 
reaction period are expressed in terms of leucine units, since the color yield 
for this amino acid was only slightly affected under these conditions. The 
color yield of p-Leu-u-Tyr increased linearly with increasing concentration 
of the organic solvent® and approached that of t-Leu-L-Tyr, which reached 
its maximal value at approximately 33 volume per cent. These data ac- 
count for the earlier observation (Fig. 1) that only the reaction rate of 
p-Leu-L-Tyr was appreciably affected by dilution of the reaction mixture 
with water. 
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Fic. 3. Effect of methyl Cellosolve on the color yields of diastereoisomers; 12 
minute reaction period. Each reaction mixture (2.0 ml.) contained 0.1 umole of 
peptide or leucine, 112 wmoles of ninhydrin, 3.5 umoles of SnCl2, and 0.1 m citrate 
buffer (pH 5.0). 


Somewhat greater reaction rates were obtained when the SnCl,-nin- 
hydrin reagent was replaced by the hydrindantin-ninhydrin reagent. 
Nearly equal rates for t-Leu-L-Tyr and p-Leu-t-Tyr were observed with 
the latter reagent and high methyl Cellosolve concentration (65 volume 
per cent). The importance of this organic solvent was illustrated by the 
fact that the reaction rate for p-Leu-L-Tyr was decreased more than 2-fold, 
as in Fig. 3 with the SnCl.-ninhydrin reagent, when the concentration of 
the methyl Cellosolve was decreased from 65 to 25 volume per cent. On 
the other hand, a 3-fold decrease in the concentration of hydrindantin had 
no effect. These data rule out stannous and stannic ions and the con- 


6 Although the data for very low concentrations of organic solvent may be affected 
by the limited solubility of hydrindantin in water, in subsequent experiments (see 
the text), at concentrations of solvent >25 per cent, hydrindantin was not a limiting 
factor. 
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centration of hydrindantin as factors primarily responsible for the differ- 
ences in reaction rates and color yields. 

The increase in the reactivity of these diastereoisomers with increasing 
concentrations of organic solvent suggested that the reaction rates might 
be inversely related to the dielectric constant of the reaction mixture. Ac- 
cordingly, 1 ,4-dioxane, which has a dipole moment of zero, was substituted 
as the organic solvent. The data with dioxane were not significantly dif- 
ferent from those in Fig. 3. 

Differences in Theoretical Color Yields from Peptides—The unexpectedly 
high “molar” color yield from t-Leu-L-Tyr (Fig. 1) was investigated fur- 
ther, since it was evident from previous experiments that impurities were 
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Fig. 4. Maximal molar color yields from dipeptides. Each reaction mixture 
contained 1.0 ml. of hydrindantin-ninhydrin reagent and 0.08 ymole of dipeptide; 
total volume, 1.2 ml. 


not responsible for this result. Each alanyl and leucyl dipeptide tested 
gave values approaching 2’ with the hydrindantin-ninhydrin reagent as 
well as with the SnCl.-ninhydrin reagent. At high concentrations of 
methyl] Cellosolve, the rates of reaction of dipeptides were increased to the 
extent that even p-Leu-L-Tyr yielded a value of 1.7 (Fig. 4). Data similar 
to those of the leucyl peptides in Fig. 4 were obtained with L-Ala-1-Leu, 
L-Leu-Gly, pu-Ala-Gly, and L-Leu-L-Tyr. 

On the other hand, entirely different results were obtained from glycyl 
dipeptides. The kinetics of the color development from Gly-Gly and Gly- 
L-Tyr (Fig. 4) were similar to those of amino acids. The reactions were 
complete in less than 15 minutes, yielding molar values of exactly 1. Sim- 
ilar reaction kinetics were exhibited by Gly-t-Leu and t-Ser-t-Tyr. 


7 Molar color yields (30 minute reaction period) of 1.5 to 1.6 have been reported 
for u-Ala-t-Ala and L-Ala-L-Ser by Dowmont and Fruton (7). 
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DISCUSSION 


It has been shown that the ratios of the ninhydrin color yields of two 
diastereoisomeric dipeptides can vary from 1.6 to 5, depending on the con- 
centration of methyl Cellosolve and the length of the reaction period. It 
is possible that significant differences in color yields may be obtained from 
diastereoisomers of other peptides which have two or more optically active 
amino acid residues. Thus, a racemic mixture of diastereoisomers may not 
necessarily be a valid standard for the color yield of either of its compo- 
nents. 

Since an amino group bound in a peptide linkage cannot react with nin- 
hydrin, the fact that nearly 2 moles of the colored product can be obtained 
from alanyl and leucy] dipeptides indicates that the C-terminal amino acid 
is liberated during the extended reaction period at 100° (pH 5). Molar 
color yields of 1.5 to 1.6 for t-Ala-L-Ala and L-Ala-L-Ser have been recorded 
by Dowmont and Fruton (7). On the other hand, in the case of glycyl and 
seryl dipeptides, apparently only the amino groups which are initially free 
react with ninhydrin. Thus, these dipeptides can be separated into two 
distinct categories on the basis of their maximal color yields. The nature 
of the N-terminal residue is evidently the determining factor. These dif- 
ferences in molar color yields may arise from differences in stability of the 
products from the oxidative deamination of the a-amino groups of these 
dipeptides. 

The fact that the reaction of ninhydrin with certain dipeptides can yield 
nearly 2 moles of colored product presented a unique problem when this 
reaction was used to measure the extent of hydrolysis of these dipeptides 
by pancreatic carboxypeptidase. Since the hydrolytic products (amino 
acids) react with ninhydrin much more rapidly than dipeptides, it was 
possible to decrease the blanks from these dipeptides and obtain repro- 
ducible results by using a relatively low methyl Cellosolve concentration 
(25 volume per cent) and a 15 minute reaction period. The calculated 
hydrolysis can be verified by some other assay such as formol titration. 
When nearly complete reaction of dipeptides with ninhydrin was desired, 
a high methyl Cellosolve concentration and a relatively lengthy reaction 
period have been used. 


I am grateful to Dr. M. A. Mitz for his interest in this work. 


SUMMARY 


The reaction of ninhydrin with various dipeptides at 100° (pH 5) has 
been studied. Several-fold differences in rates were observed in the reac- 
tion of ninhydrin with the diastereoisomeric pair, p-Leu-t-Tyr and L-Leu- 
t-Tyr. Nearly equal rates are approached when the concentration of 
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methyl Cellosolve (or dioxane) is increased. High methyl Cellosolve con- 
centrations favor more rapid and complete reaction of dipeptides. 

The nature of the N-terminal residue of a dipeptide has a profound in- 
fluence on the theoretical color yield from the reaction of the peptide with 
ninhydrin. Glycyl, and probably seryl, dipeptides produce molar yields 
equal to those of a-amino acids. On the other hand, the maximal observed 
yields from alanyl and leucyl dipeptides approach values which are twice 
those of glycyl peptides. These results are attributed to the breakdown of 
the products from the oxidative deamination of alanyl and leucyl dipep- 
tides, resulting in the release of the C-terminal residue which then reacts 
with ninhydrin. 


BIBLIOGRAPHY 


. Moore, 8., and Stein, W. H., J. Biol. Chem., 176, 367 (1948). 
. Troll, W., and Cannan, R. K., J. Biol. Chem., 200, 803 (1953). 
. MacFadyen, D. A., J. Biol. Chem., 153, 507 (1944). 
. Moore, 8., and Stein, W. H., J. Biol. Chem., 211, 907 (1954). 
. Hirs, C. H. W., Moore, 8., and Stein, W. H., J. Biol. Chem., 200, 493 (1953). 
. Kay, L. M., and Schroeder, W. A., J. Am. Chem. Soc., 76, 3564 (1954). 
. Dowmont, Y. P., and Fruton, J.8., J. Biol. Chem., 197, 271 (1952). 
. Schwartz, T. B., and Engel, F. L., J. Biol. Chem., 184, 197 (1950). 
9. Brand, E., and Edsall, J. T., Ann. Rev. Biochem., 16, 224 (1947). 
10. Roland, J. F., Jr., and Gross, A. M., Anal. Chem., 26, 502 (1954). 
11. Beaven, G. H., and Holiday, E. R., Advances in Protein Chem., 7, 320 (1952). 
12. MacFadyen, D. A., J. Biol. Chem., 186, 1 (1950). 
13. Troll, W., J. Biol. Chem., 202, 479 (1953). 
14. Conway, E. J., and O’Malley, E., Biochem. J., 36, 655 (1942). 
15. Ellenbogen, E., J. Am. Chem. Soc., 74, 5198 (1952). 


a2anNowartkwnd 

















wie 


THE MICRODETERMINATION OF FORMATE PRODUCED 
FROM PYRUVATE BY CELL-FREE EXTRACTS 
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(From the Department of Microbiology, School of Medicine, University 
of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, September 14, 1955) 


Previous studies had demonstrated that Furacin (5-nitro-2-furaldehyde 
semicarbazone) inhibited the dismutation of pyruvate as well as its con- 
version to acetylmethylearbinol by cell-free extracts of both avian (1) and 
bacterial (2) cells. It was therefore thought desirable to investigate the 
effect of this compound on the so called phosphoroclastic dissimilation of 
pyruvate to acetyl phosphate and formate by cell-free extracts of Esch- 
erichia coli (3). 

Obviously the most satisfactory method for the study of this reaction 
would be one by which the amount of formate produced could be deter- 
mined conveniently and accurately. However, all of the methods de- 
scribed previously for formate analysis are cumbersome and ill-adapted 
for biochemical studies of this sort, which involve the assay of small 
amounts of formate, contained in a mixture of other interfering substances. 
The enzymatic method described here appears to be a highly accurate, 
relatively simple one for the microdetermination of formate produced from 
pyruvate by extracts of FZ. coli, and it should prove useful for the deter- 
mination of formate in other biochemical preparations. 

Previous studies by Gale (4) had shown that formate oxidation by cell- 
free extracts of E. coli was associated with a cytochrome-containing particu- 
late fraction, and later investigations of Sato and Egami (5) had demon- 
strated that nitrate reduction by whole cells of EF. coli was linked to 
cytochrome b;, which is contained in the particulate fraction (6). In an at- 
mosphere of No, this particulate fraction is capable of mediating the oxida- 
tion of formate with the reduction of an equivalent amount of nitrate to 
nitrite and the production of an equivalent amount of CO. as shown in the 
following equation: 


O 


@ particulate 
H—C—OH + KNO; > CO, + HO + KNO, 
enzyme system 








* This work was made possible by grants from the Eaton Laboratories Divi- 
sion, the Norwich Pharmacal Company, Norwich, New York. 
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It has therefore proved possible to assay formate in terms of the CO, 
produced by this reaction in a Barcroft-Warburg micro respirometer. 
The particulate fraction used can mediate oxidation of a few other sub- 
stances in the presence of nitrate; viz., succinate, lactate, a-glycerophos- 
phate, molecular hydrogen, and reduced diphosphopyridine nucleotide.! 
However, none of these oxidations involves the production of CO., and 
it appears fairly certain that the particulate fraction can produce CO, 
only in the presence of formate.! 


Materials and Methods 


Preparation of Enzyme System Used for Formate Analysis—12 hour 
cultures of E. coli, strain ECFS, were grown on the surface of solid media 
in Roux bottles. The medium consisted of 1.0 per cent Bacto-tryptone, 
5.0 per cent Bacto-yeast extract, 0.2 per cent K,HPO,, and 2.5 per cent 
agar, to which 0.5 per cent glucose was added after autoclaving. The 
cells were washed off the agar with distilled water (25 ml. per Roux bottle), 
sedimented by centrifugation, and resuspended in m/30 phosphate buffer, 
pH 7.2, so that the final cell concentration was 20 to 25 mg., dry weight, 
per ml. The resuspended cells were subjected for 40 minutes to sonic 
vibrations in a 9 ke. Raytheon magnetostriction oscillator at 5-6°, and 
the sonically treated material was centrifuged at 10,000 r.p.m. (7000 x q) 
for 45 minutes in a Spinco refrigerated (3-5°) ultracentrifuge Model L. 
The supernatant fluid was then further centrifuged in the Spinco ultra- 
centrifuge at 40,000 r.p.m. (102,000 x g) for 40 minutes. The super- 
natant liquid was removed and the pellet of sedimented particles was 
broken up and resuspended in a volume of m/15 phosphate buffer, pH 7.2, 
equal to the original volume of cell-free extract. The suspension was 
recentrifuged in the Spinco ultracentrifuge at 40,000 r.p.m. for 40 minutes, 
the particles were resuspended in half the original volume, and this par- 
ticulate suspension was used for the experiments described here. Particles 
prepared in an identical manner from £. coli cells grown in 6 liter amounts 
of liquid medium as previously described (7) proved equally satisfactory 
for formate analysis. 

Analytical Procedure—The analyses were carried out in a Barcroft- 
Warburg micro respirometer under an atmosphere of N» at 37°. Each 
Warburg flask contained 1.0 ml. of the formate-containing solution, 1.0 
ml. of M/15 phosphate buffer, pH 7.2, 1.0 ml. of a 0.1 m solution of KNO;, 
and 1.7 ml. of H,O in the main chamber. 1.0 ml. of the particulate en- 
zyme system (0.38 mg. of protein N) was contained in a side arm, and 03 
ml. of 6 N H.SO,, saturated with sulfanilic acid, was contained in a second 
side arm. The reaction was started by adding the enzyme system from 


1R. E. Asnis, V. F. Vely, and M. C. Glick, manuscript in preparation. 
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the side arm. Manometric readings were taken at half-hourly intervals 
for 2 hours, after which the acid was added from the second side arm, and 
a final manometric reading taken 10 minutes later. A correction always 
had to be made for the CO. contained as HCO; or CO; in the reaction 
mixture before the start of the enzymatic reaction. This correction was 
made by adding acid at the start of the reaction to a Warburg flask con- 
taining the complete system, estimating the non-enzymatic CO, released 
thereby, and subtracting this amount from the total CO. produced in the 
systems used for formate analysis. 

The reaction must be carried out in an atmosphere free of Os, since the 
cytochrome-containing enzyme system involved utilizes Oo, where present, 
in preference to nitrate as a hydrogen acceptor. When the sulfuric acid 
is added to the reaction mixture, the nitrite present is converted to nitrous 
acid, which slowly decomposes. This can cause a significant (5 to 10 


TABLE I 


Results of Typical Set of Analyses for Known Amounts of Formate 














Formate in sample analyzed | COz produced by enzymatic oxidation of sample 
pmoles moles 
20 20.02 
10 10.3 
5 5.2 


2.5 2.6 


per cent) analytical error. Saturation of the sulfuric acid with sulfanilic 
acid effectively eliminates this source of error in analyses involving no 
more than 20 uwmoles of formate. It is recommended that no more than 
20 umoles of formate be contained in the sample for assay, since this amount 
is the maximum that can be conveniently analyzed with a standard Bar- 
croft-Warburg manometer (Table I). 

Stability of Enzyme System—aAs can be seen in Fig. 1, the enzyme system 
is not stable, and we were not successful in keeping it active for more than 
24 hours. It is to be hoped that some better method of preserving it may 
be found, possibly by an improved lyophilization technique. 

The phosphoroclastic enzyme remained in the supernatant fluid after 
removal of the particulate fraction by centrifugation at 40,000 r.p.m., as 
described above. This supernatant liquid was used without further treat- 
ment to demonstrate phosphoroclastic activity. 

Phosphoroclastic Reaction System—For the data in Fig. 2, the reaction 
mixture consisted of 1.2 ml. of enzyme, 30 Lipmann units of coenzyme A, 
300 y of cocarboxylase, 20 umoles of MgCle, 200 umoles of phosphate buffer, 
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pH 7.2, and 100 uwmoles of sodium pyruvate in a final volume of 3.7 ml. 
Reactions were carried out in Thunberg tubes at 37° under an atmosphere 
of Nz. They were started by adding the pyruvate in 0.5 ml. of solution 
from a side arm and were stopped at the designated time intervals by 
heating in a boiling bath for 10 minutes. After removal of heat-coagulated 
protein by centrifugation, the material was analyzed for formate by the 
method described above. 
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Fic. 1. Reaction systems were set up as described under ‘‘Analytical procedure” 
with 100 wmoles of formate as the oxidizable substrate. To obtain the rate of reac- 
tion of a given enzyme preparation, reactions were started simultaneously in a set of 
Warburg vessels and then successively terminated by addition of the sulfuric acid 
from a side arm at the varying time intervals indicated. O, fresh preparation of 
enzyme system; X, preparation held 24 hours at 3-5°; A, preparation held 48 hours 
at 3-5°; @, preparation lyophilized and held for 1 week under Nz at —20°. 


For the analytical data presented in Table II, a proportionately identical 
reaction mixture forty times larger in final volume was set up under N, 
in a 250 ml. bottle. The reaction was started by adding pyruvate from a 
separatory funnel inserted in the stopper of the bottle. It was stopped 
after 60 minutes by heating and the heat-coagulated protein was removed 
as described above. The pH of the reaction mixture was adjusted to 7.6, 
and sufficient water was distilled off to reduce its volume to 35 ml. The 
concentrate was acidified to pH 2.8 with 10 n H.SO, and subjected to 
steam distillation until 600 ml. of steam distillate had been collected. 





Th 


sul 


a 






















R. E. ASNIS AND M. C. GLICK 695 














ml. The pH of the steam distillate was adjusted to 7.6 with 1.0 n NaOH, and 
here sufficient water was distilled off to reduce its volume to 120 ml. The’ 
tion 30 , ' ' ' 

3 by 
ated 
the 
a 
20} : 
P= | 
a 
oO 
ac 
a 
uJ 
be 
< 
= 
ex 
2 10 4 
= 
a 
0 10 20 30 40 50 
MINUTES 


Fic. 2. Reaction systems were set up as described under ‘‘Phosphoroclastic re- 
action system.” 

















ail TaBLeE II 
ene. Comparison of Results from Chemical and Enzymatic Methods for 
t of Measurement of Formate 
acid Estimated 
n of Material analyzed* Analytical method total 
formate 
ours 
pmoles 
d Heat-inactivated reaction mixture | Enzymatic 1225 
ical Concentrated steam distillate os 1102 
Ne Co 4s - Metallic Mg reduction methodt 1140 
ma Residue after “ distillation | Enzymatic 12 
ped * The materials analyzed were prepared as described under the ‘‘Phosphoroclastic 
ved reaction system.”’ 
7.6, +t See Grant (8). 
The 
| to concentrated steam distillate was then analyzed for formate as in Table 
ted. II. 





YUM 








696 MICRODETERMINATION OF FORMATE 


Chemical analysis for formate in the steam distillate was made by the 
metallic Mg reduction method as described by Grant (8). 


Results 


Analytical data such as those in Table I have been reproduced many 
times, and they indicate that this method is a highly accurate one for the 
microdetermination of formate in pure solution. The presence of as much 
as 100 uwmoles of pyruvate, lactate, succinate, malate, acetate, oxalate, 
malonate, or ethyl alcohol, either singly or in combination, had no signifi- 
cant effect on the accuracy of the analysis for formate. The validity of 
the method for the determination of formate produced from pyruvate by 
cell-free extracts of H. coli is indicated by the data in Table II. Fig. 2 
shows a readily reproducible rate curve for this activity. Further studies 
on the phosphoroclastic system involved are now in progress. 

One possible objection to the method might be based on the observa- 
tion of Gest (9) that, unless the particulate fraction is obtained from cells 
grown under strictly aerobic conditions, it may contain some formic 
hydrogenlyase activity. Such activity would lead to erroneous results 
by mediating the following reaction in which Hy, is produced: 

O 
VA formic hydrogenlyase 


H—C—OH > H: + CO; 
system 





Fortunately, as Gest has also observed (9), nitrate strongly inhibits this 
reaction. Thus with the amount of nitrate routinely used in our analyses, 
no detectable hydrogen was ever evolved even when, in the absence of 
nitrate, the particulate fraction used could be found to have some formic 
hydrogenlyase activity. 


SUMMARY 

1. A highly accurate and apparently specific enzymatic method for the 
microdetermination of formate has been described. 

2. The enzyme system used is contained in a cytochrome-containing 
particulate fraction of extracts of Escherichia coli. 

3. This enzyme system mediates the coupled oxidation of formate and 
reduction of nitrate with the formation of an equivalent amount of COs. 

4. The method has been found to be satisfactory for the determination 
of formate produced from pyruvate by cell-free extracts of E. coli. 


BIBLIOGRAPHY 


1. Paul, M. F., Bryson, M. J., and Harrington, C., J. Biol. Chem., 219, 463 (1956). 
2. Asnis, R. E., and Glick, M. C., Bact. Proc., 99 (1954). 








TS oe oe 


wo 


the 


lany 
* the 
uch 
late, 
mifi- 
y of 
e by 
ig. 2 
idies 


TVva- 
cells 
rmic 
sults 


this 
ses, 
re of 
rmic 


r the 
ning 
and 


COs. 
ation 





SS ot ew 


o oo 


. Kalnitsky, G., and Werkman, C. H., Arch. Biochem., 2, 113 (1943). 
. Gale, E. F., Biochem. J., 33, 1012 (1939). 


. Asnis, R. E., and Brodie, A. F., J. Biol. Chem., 208, 153 (1953). 
. Grant, W. M., Anal. Chem., 20, 267 (1948). 
. Gest, H., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Baltimore, 

































R. E. ASNIS AND M. C. GLICK 697 


Sato, R., and Egami, F., Bull. Chem. Soc. Japan, 22, 137 (1949). 
Moss, V. F., Australian J. Exp. Biol. and Med. Sc., 30, 531 (1952). 


2, 522 (1952). 














STUDIES ON THE IN VITRO PERFUSION OF STEROIDS 
THROUGH THE DOG KIDNEY* 


By MICHAEL E. LOMBARDO, PERRY B. HUDSON, anv 
FLORIAN YANDEL, Jr. 


(From the Departments of Urology and Biochemistry, Francis Delafield Hospital, and 
the Institute of Cancer Research, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, October 18, 1955) 


One of the earliest records on the perfusion of the dog kidney dates back 
to that of Ludwig in 1863 (1) in which he attempted to study the mechan- 
ical factors functional in a dead organ. Since then, a number of investiga- 
tors have used perfusion techniques in order to elucidate the process or 
processes by which urine is formed. The early literature on kidney perfu- 
sions has been reviewed (2). 

Although the metabolism of steroid substances on perfusion through the 
mammalian adrenal has been extensively investigated (3), knowledge of 
the réle of the kidney in the metabolism and excretion of steroid substances 
is lacking. It is well known that urinary steroid metabolites occur for the 
most part in conjugated form, either as glucuronides, sulfates, or some other 
as yet unidentified form. The evidence on this point has been summarized 
elsewhere (4). 

The primary aim of the study presented in this paper was to determine 
whether or not the mammalian kidney conjugates steroid substances. 
Both effluent renal blood and urine excreted during vascular perfusion were 
studied for evidence of conjugation and other metabolic changes in steroids 
added to the perfusate. 

A series of perfusion experiments upon dog kidneys with dehydroepian- 
drosterone, testosterone, 17a-hydroxyprogesterone, Reichstein’s Compound 
8, cortisone, hydrocortisone, and corticosterone added to the perfusion 
fluid was completed. The perfusates were extracted with ethyl acetate, 
and the urines excreted during perfusion were fractionated into the free 
and into the sulfate- and glucuronide-conjugated fractions. These extracts 
were subjected to extensive chromatography on paper and silica gel. 


EXPERIMENTAL 


Mongrel dogs were anesthetized intravenously with Nembutal sodium, 
1 ml. (60 mg.) per 5 pounds of body weight. Upon opening the abdomen, 


* This investigation was supported by grant No. C-2202 of the United States Public 
Health Service. 
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careful dissection was undertaken to preserve sufficiently long segments of 
the renal artery and ureter to permit cannulation. Each dog was then 
heparinized by the injection of 10 ml. of heparin sodium, U. 8. P., 5000 
units per ml. (50 mg.), into the inferior vena cava. After heparinization, 
the right kidney was immediately removed, and the blood was then with- 
drawn from the aorta into a sterile evacuated plasma flask. The left 
kidney was removed while the heparinized blood was being collected from 
the aorta. The renal artery of each kidney was cannulated with a glass 
cannula and connected to a perfusion apparatus of the heart-lung type. 
The dog’s own heparinized aortic blood was diluted with an equal volume 
of a solution containing approximately 1 part of normal saline, 1 part of 
5 per cent Amigen, and 1 part of 5 per cent dextrose. 1 gm. of strepto- 
mycin and 1,000,000 units of Penicillin were added to this perfusion fluid, 
Perfusion was immediately begun, and the ureters were cannulated with 
fine plastic tubing. The steroid substance for each experiment, in 20 ml, 
of propylene glycol, 2.5 ml. of benzyl alcohol, and 0.5 ml. of Tween 80, 
was made up to 100 ml. of final volume with 5 per cent dextrose and added 
at the site of cannulation of the renal arteries to drip slowly for the period 
of 2} to 3 hours required by the experiment. The temperature of the 
kidneys and of the perfusion medium was maintained at 39.0° by a constant 
temperature bath from which the water was circulated by a pump to a 
water-jacketed perfusion chamber and to a coiled condenser supplying 
arterial blood to the kidneys. The blood volume was kept constant by 
the addition of saline to replace the urine excreted. The perfusion medium 
was kept well oxygenated by supplying gas containing 95 per cent O; 
and 5 per cent CO filtered through physiological saline. The kidneys 
were perfused by gravity flow. The position of the blood reservoir was 
adjusted to produce an arterial pressure equivalent to 100 mm. of mercury 
as measured by a mercury manometer incorporated into the system. 

During the experiments, urea in the blood was determined by the method 
of Karr (5) and in the urine by the titration of NH; liberated by the enzyme 
urease (6). Creatinine was estimated by the procedure of Folin and Wu 
(7). Sodium and potassium were estimated by flame photometric analy- 
sis. 

The blood perfusates were hemolyzed by freezing and thawing, and the 
steroids were extracted by jetting the blood several times in a very fine 
stream through 1 liter of ethyl acetate (8). Whenever emulsions resulted, 
they were broken by centrifugation in the cold. The process was repeated 
with a second liter of ethyl acetate. Combined ethyl acetate extracts 
were washed three times with 0.1 volume of cold 0.1 N sodium hydroxide 
and three times with 0.1 volume of distilled water. The washed extracts 
were dried over anhydrous sodium sulfate and evaporated to dryness under 
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vacuum. The residues were partitioned between 70 per cent methanol 
and n-hexane to remove fatty material. The methanol fraction was evap- 
orated to dryness under a fine stream of air in a water bath at 45°. These 
extracts were then subjected to further purification by paper chromatog- 
raphy in the appropriate solvent system by the methods of Burton et al. 
(9) as modified by Romanoff et al. (10). Strip widths were determined 
by the steroid content of the extract, as estimated by colorimetric reac- 
tions such as the Zimmermann reaction (11) for 17-ketosteroids and the 
blue tetrazolium (12) and formaldehydogenic reactions (13) for corticos- 
teroids. The techniques for the detection of steroid substances on paper 
chromatograms, quantitative elution, and estimation in the ultraviolet 
have been discussed elsewhere (14). Sulfuric acid chromogens (15) were 
made on all eluted substances. Melting point determinations were made 
on a Fisher melting point block and are uncorrected. All infra-red analy- 
ses were made by the potassium bromide pressed disk technique upon a 
Beckman IR-2T single beam instrument within the region from 15.0 to 
2.5 pu. 

The urines excreted during perfusion were fractionated into the free and 
into the sulfate- and glucuronide-conjugated fractions by a modification 
of the dioxane-trichloroacetic acid procedure of Cohen and Oneson (16) for 
the hydrolysis of steroid sulfates. The procedure for the extraction of 
steroids from the urine and fractionation of these extracts into various 
groups is described in the accompanying diagram. All solvents were re- 
distilled, and the dioxane was purified according to Cohen and Oneson 
(16). The free, sulfate- and glucuronide-conjugated fractions obtained 
were subjected to further purification and fractionation by paper chroma- 
tography. Methods for the chromatography, detection, estimation, and 
identification of compounds were similar to those employed for blood ex- 
tracts and are described above. 


Results 


In Table I are presented data from an experiment which was designed to 
test the viability and physiological function of the kidney preparation used 
in these experiments. The data were obtained upon one kidney which 
began to excrete urine 10 minutes after perfusion was begun. Urea and 
creatinine were added to the perfusate to bring the concentration of these 
substances above the normal levels. The blood volume was kept constant 
by replacing the volume of urine formed with an isosmotic saline. Urine 
and blood samples were collected at 10 minute intervals. It can be seen 
that the rate of excretion of urine was fairly constant throughout the experi- 
ment and agrees fairly well with the rates reported by Starling and Verney 
(2) at approximately the same arterial pressure. The specific gravity of 
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the urine is close to normal at the beginning of the experiment but declined 
somewhat towards the end. The levels of sodium in the urine are much 
lower than those in blood, while the reverse is true for potassium. This 
indicates that sodium is being reabsorbed from the glomerular filtrate by 
the tubules, while blood potassium is being secreted by the tubules. It is 
also apparent that the concentrations of both urea and creatinine are al- 
ways higher in the urine than in the blood. This again indicates con- 
centration and excretion of these substances by the kidney. The data 
indicate that the kidney preparation employed in this in vitro perfusion ex- 
periment is functional. 


TABLE I 


Data on in Vitro Perfusion of Dog Kidney 


| 



































Urine Blood 
ere, Seen —|— : cr ae 
Sam- . Specific ~-.,_ | Sam- | 
Secret : - : , | Crea- "1 5; : Crea 
Bk, on gravity, Na K Urea pr al | . | Na | K Urea | tinine 
es in OTR ae _—— _ - — | _ a 
<- | eq. per l. jeq. per!.| ms. fer oer ad | les. per I. \eq. perme fer ber 
| 3 
0-1 1.3 1.014 84.4 15.3 7.0 0.38 | 1 | 226.3) 7.2 6.7 | 0.28 
1-2 | 1.8 | 1.014} 77.3 | 16.4] 7.9 | 0.38) 2 | 200.0} 6.6 | 6.3 | 0.27 
2-3 1.7 1.012 71.3 17.4 | 7.0 0.35 | 3 | 173.7 | 6.0 5.3 | 0.22 
3-4 1.9 1.011 71.3 16.6 | 6.6 0.33 | 4 | 1387.5 | 5.3 5.7 | 0.23 
4-5 1.8 1.012 75.6 | 15.3 6.5 0.31 | 5 167.9 | 5.7 5.2 | 0.23 
5-6 1.9 1.011 75.8 14.3 | 6.0 0.29 6 | 183.3 | 4.4 4.7 | 0.18 
6-7 1.5 1.010 81.9 12.7| 4.9 | 0.25 7 | 180.0 | 4.4 4.0 | 0.17 
7-8 2.0 1.010 86.0 12.7 4.9 0.23! 8 | 163.1 4.4 4.3 | 0.17 
8-9 1.8 1.007 88.8 12.7 4.9 0.23 | 9 | 166.6 | 5.7 3.7 | 0.16 














* Collected at 10 minute intervals. 


Fifteen perfusion experiments were completed: three with hydrocorti- 
sone, two with cortisone, two with Reichstein’s Compound §, two with 
17a-hydroxyprogesterone, two with dehydroepiandrosterone, one with tes- 
tosterone, and three controls without added steroid. Two kidneys from 
the same dog were used in each perfusion experiment. The amount of 
blood taken from each dog to prepare the perfusion medium averaged 
360 ml. In general the kidneys began to make urine 10 to 15 minutes 
after perfusion was begun. The average perfusion time was 3 hours, the 
urinary excretion rate was 1.4 ml. per minute, and the perfusion rate 
through the kidneys was 78 ml. per minute. The creatinine (17) concen- 
tration in the urine averaged 25 mg. per cent. 

Both blood and urinary extracts were put through a series of chromato- 
graphic systems suitable for the most polar to the least polar steroids (10) 
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to eliminate the possibility that metabolites of the perfused compound 
might escape detection. 


Perfusion of Kendall’s Compound F 


On the basis of formaldehydogenic determinations (13) and the blue 
tetrazolium (BTZ) reactions (12), the extracts from the first blood per- 
fusate contained 29.7 mg. of a-ketolic substance; hydrocortisone was used as 
a reference standard. After chromatography in toluene saturated with 
propylene glycol for a 48 hour period (with several 15 cm. wide strips), a 
compound with the mobility of that of hydrocortisone was detected. It 
absorbed in the ultraviolet and gave a positive reaction to blue tetra- 
zolium. After elution and recrystallization, 27.6 mg. of crystals having 
an absorption maximum in methanol at 242 my were obtained. The sul- 
furic acid chromogen (15) absorbing from 220 to 600 my was identical with 
that of crystalline hydrocortisone, with maxima at 240, 280, 390, and 475 
mu. The infra-red spectrum was identical with that of hydrocortisone. 
The substance melted at 208-209°. A mixture with standard hydrocorti- 
sone, 206-208°, melted at 206-208°. 

Several trace substances, all of which gave a positive reaction to the BTZ 
reagent, were located in the blood perfusate. One was more polar than 
Compound F, and several were less polar. On the basis of sulfuric acid 
chromogens and infra-red data, it was concluded that these substances 
were non-steroidal contaminants. 

On fractionating the urine, it was found that the free fraction contained 
20.7 mg. of a-ketolic substance on the basis of BTZ (12) and formalde- 
hydogenic (13) reactions. After chromatography, 11.9 mg. of crystalline 
hydrocortisone were obtained. It had an absorption maximum in meth- 
anol at 242 my. From appraisal of the sulfuric acid chromogen, infra-red 
data, and melting point determinations, it was considered identical with 
standard hydrocortisone. Steroids more polar or less polar than hydro- 
cortisone could not be located in the free fraction. 

The sulfate and glucuronide fractions of the urine contained no steroidal 
substances on the basis of the BTZ and formaldehydogenic reactions. 
This was confirmed by paper chromatography with the use of all solvent 
systems (10) suitable for the most polar to the least polar steroids. 

The second perfusion experiment yielded approximately the same re- 
sults. The BTZ and formaldehydogenic reactions indicated the presence 
of 34.8 mg. of a-ketol in the perfusate and 15.3 mg. in the free fraction of 
the urine. After chromatography and recrystallization, 31.2 mg. and 9.2 
mg. respectively of crystalline hydrocortisone were obtained from the ex- 
tracts. No steroids were found in the sulfate or glucuronide fractions of 
the urine, and this was verified by chromatographic studies. The third 
perfusion produced approximately the same results. 
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In all these experiments approximately 40 per cent of the starting ma- 
terial was recovered as crystalline hydrocortisone. In the search for addi- 
tional steroids, the kidneys from the last perfusion were homogenized and 
extracted for steroid. substances. After partitioning between 70 per cent 
methanol and n-hexane, this extract was chromatographed in the same 
system employed for the blood perfusates. The only steroid compound 
isolated and identified was hydrocortisone, 4.5 mg., which melted at 
209-210°. There was no depression of the melting point on admixture 
with the starting material. The infra-red spectrum was also identical with 
that of the starting material. 

A substance more polar than hydrocortisone was also isolated from the 
kidney. It did not have any maximum in methanol in the ultraviolet 
region but gave a positive reaction to the BTZ reagent. It gave maxima 
in concentrated sulfuric acid (15) at 262 and 322 my, the latter peak having 
a much higher extinction coefficient. The identity of this substance has 
not been established. No other steroid substances could be detected. 


Perfusion of Kendall’s Compound E 

Two perfusion experiments with 100 mg. of cortisone were completed. 
On the basis of BTZ and formaldehydogenic reactions, the perfusate con- 
tained 20.0 mg. of a-ketolic substance, while the free fraction of the urine 
contained 11.5 mg. Chromatography followed by recrystallization yielded 
14.0 mg. of cortisone in the perfusate and 8.7 mg. in the free fraction of the 
urine. The identification was based on chromatographic behavior, sul- 
furic acid chromogens, infra-red spectra, and melting point and mixed 
melting point determinations with the starting material. 

Several spots were located on paper, both more polar and less polar than 
cortisone, each of which gave the BTZ reaction and absorbed in the ultra- 
violet. However, these spots proved to be contaminants as judged from 
infra-red data. No cortisone or any other steroid was found in the sulfate 
and glucuronide fractions of the urine. The second perfusion experiment 
with cortisone yielded essentially the same results. 


Perfusion of Reichstein’s Compound S 


In each of two experiments, 100 mg. of Compound 8 were perfused 
through the kidneys. The results were similar to the hydrocortisone per- 
fusions except that the recovery of Compound §S from the free fraction of 
the urine was lower. Chromatography followed by recrystallization 
yielded 32.5 mg. of crystalline Compound § from the perfusate and only 
2.9 mg. from the free fraction of the urine. The identification was based 
on chemical and physical criteria described for the previous compounds. 
Again no steroidal substances were found in the sulfate and glucuronide 
fractions of the urine. The second experiment produced the same results. 
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Perfusion of 17a-Hydroxyprogesterone—The two perfusions with 100 mg. 
each of 17a-hydroxyprogesterone yielded somewhat different results. The 
recovery of the starting material from the perfusate was much lower than 
that found in the previous experiments with other compounds. The 
quantities found in the free fraction of the urine were even much less, on 
the order of 0.5 per cent. After chromatography and recrystallization 
from methanol, the perfusates from the two experiments yielded an average 
of 8.8 mg. of crystalline 17a-hydroxyprogesterone. Its sulfuric acid chro- 
mogen and infra-red spectrum were identical with those of the starting 
material, and it melted at 210-212°. On admixture with the starting ma- 
terial, m.p. 213-216°, the mixture melted at 213-215°. No metabolites of 
the starting material were found. 

The free fraction of the urine in both experiments yielded an average of 
453 y of 17a-hydroxyprogesterone which was estimated from its ultraviolet 
extinction coefficient in methanol at 242 my. It was identified on the basis 
of its mobility on paper, its sulfuric acid chromogen with maxima at 290 
and 430 my, and its infra-red spectrum. Again, no steroidal substances 
were found in the sulfate and glucuronide fractions of the urine. 

Perfusion of Dehydroepiandrosterone—The perfusion of 100 mg. of de- 
hydroepiandrosterone in each of two experiments yielded approximately 
the same results as were obtained with 17a-hydroxyprogesterone. After 
chromatography and recrystallization from methanol, an average yield of 
9.3 mg. of dehydroepiandrosterone was obtained from the two perfusates. 
The substance melted at 146-148°, and on admixture with the starting 
material, m.p. 148.5-149.5°, the mixture melted at 147-148°. Its sulfuric 
acid chromogen and infra-red spectrum were identical with those of the 
starting material. 

The free fraction of the urine yielded an average of 250 y of material 
which was tentatively identified as dehydroepiandrosterone from its mo- 
bility on paper and its sulfuric acid chromogen (15) with maxima at 306 
and 410 mp. No steroidal substances were found in the sulfate or glucu- 
ronide fractions. 


Perfusion of Testosterone 


One perfusion was completed with 100 mg. of testosterone. Chroma- 
tography of the perfusate revealed the presence of two substances, one 
with the mobility of testosterone and the other with the mobility of A‘- 
androstene-3 ,17-dione. These substances were eluted separately and fur- 
ther purified by chromatography on silica gel. The samples were dissolved 
in benzene-hexane (1:1) and chromatographed on silica gel. Elution was 
begun with benzene-ether (19:1) with a gradual increase in the concentra- 
tion of ether. 

The sample with the lower mobility yielded 9.8 mg. of testosterone with 
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a melting point of 150—-152° which was not altered on admixture with the 
starting material, m.p. 152.5-154.0°. Its infra-red spectrum was identical 
with that of the starting material. 

The sample with the higher mobility yielded 6.3 mg. of crystalline ma- 
terial which melted at 170-171°. On admixture with standard A*-andros- 
tene-3 ,17-dione, m.p. 170.5-171.5°, there was no depression of the melting 
point. The infra-red spectrum contained a Cy; carbonyl band at 5.76 4, 
an a,§-unsaturated carbonyl band at 6.02 and 6.16 yu, and finger-print 
bands identical with those of At-androstene-3 , 17-dione. 

The free fraction of the urine yielded 1.0 mg. of a substance with an 
absorption maximum in methanol at 240 my. Its infra-red spectrum 
showed a carbonyl band at 5.78 yw, an a,6-unsaturated carbonyl band at 
6.02 and 6.16 yw, and finger-print bands identical with those of A‘-andros- 
tene-3,17-dione. Testosterone was not found in the free fraction of the 
urine. Again, no steroidal substances were found in the sulfate and glucu- 
ronide fractions of the urine. 


DISCUSSION 


The in vitro perfusion technique has been employed in experiments to 
study the action of the kidney on steroid substances. Evidence was pre- 
sented to show that a good physiological kidney preparation was em- 
ployed. The perfused kidney was capable of sodium retention and at the 
same time was functional in the concentration and excretion of urea and 
creatinine and in the secretion of potassium. 

It has been shown that the dog kidney does not conjugate steroids either 
as sulfates or glucuronides under the experimental conditions described 
here. The data demonstrating the viability and physiological function of 
the kidney preparation make it highly unlikely that the renal “conjugating 
capacity” may have been impaired. It is probable that a hydrolytic 
equilibrium between the free and conjugated forms is not involved because 
it would result in the finding of both conjugated and free steroids in the 
urine. From these experiments the free form only was recovered in both 
urine and blood. 

In general, the recovery of the starting steroid material in crystalline 
form from the perfusate was much less in experiments with the less polar 
steroids such as 17a-hydroxyprogesterone, dehydroepiandrosterone, and 
testosterone than with the more polar steroids such as hydrocortisone, 
cortisone, and Compound §. This may be explained by the fact that all 
the blood extracts were partitioned between 70 per cent methanol and n- 
hexane. The loss of the less polar steroids into the n-hexane fraction is 
appreciable. However, this partitioning was essential in order to remove 
the large quantities of the fatty substances which accompanied an ethyl 
acetate extraction of blood. 
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Approximately 9 to 12 mg. of crystalline substance were recovered from 
the free fraction of the urine in the case of the cortisone and hydrocorti- 
sone perfusions. In the case of the perfusion with 17a-hydroxyproges- 
terone and dehydroepiandrosterone, only 453 and 250 y respectively of the 
starting material were recovered. Two factors may be functional: one is 
the water solubility of steroids and the other is the protein-binding capac- 
ity of the steroids. On the basis of their solubility studies in buffer and 
protein solutions (bovine serum albumin), Eik-Nes et al. (18) have divided 
a number of steroids into several groups. Cortisone is representative of 
the first group which has a high water solubility with poor protein-binding 
capacity. Dehydroepiandrosterone, testosterone, and A*t-androstene-3 , 17- 
dione fall into the second group which possesses poor to fair water solu- 
bility with moderate protein-binding. A combination of these two factors, 
water solubility and protein-binding capacity, may have been functional 
in these perfusion experiments to yield relatively large quantities of the 
more polar steroids and minute quantities of the less polar steroids in the 
free fraction of the urine. 

The perfusate from the testosterone experiment yielded both the start- 
ing material (9.8 mg.) and A*-androstene-3,17-dione (6.3 mg.). The 
amount of the latter compound isolated was approximately 60 per cent of 
the weight of starting material isolated. The interconversion of testos- 
terone and A‘-androstene-3 , 17-dione has been demonstrated in both rabbit 
liver and kidney homogenates by Kochakian and his associates (19-22). 
The same conversion in rabbit kidney mince was reported by West and 
Samuels (23). An important factor to be considered, however, is the find- 
ing by Richterich-van Baerle et al. (24) that human serum can convert 
testosterone to A‘-androstene-3,17-dione. This is under investigation in 
our laboratories. 

It was interesting to note, however, that the free fraction of the urine 
yielded 1.0 mg. of A*-androstene-3,17-dione but no testosterone. Since 
both substances fall into the same group as far as water solubility and pro- 
tein-binding are concerned (18), one would expect to find both substances 
in the free fraction of the urine. However, since both are not found, some 
additional factor may require the conversion of testosterone into A‘-an- 
drostene-3 , 17-dione before excretion by the kidney results. This explana- 
tion is supported by the fact that testosterone has been isolated from 
urine in trace amounts only after the parenteral administration of that 
substance in large amounts (25). 


SUMMARY 


A technique was developed for the in vitro perfusion of a functional 
kidney preparation capable of excreting urine at the average rate of 1.4 
ml. per minute. A number of perfusion experiments with the following 
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steroids were completed: hydrocortisone, cortisone, Reichstein’s Compound 
S, 17a-hydroxyprogesterone, dehydroepiandrosterone, and_ testosterone, 
The urine was fractionated into the free, sulfate, and glucuronide fractions, 
and the perfusates. were extracted with ethyl acetate. Separations and 
purifications were effected by paper and silica gel chromatography. It 
was shown that 9 to 12 per cent of crystalline steroid was recovered in the 
free fraction of the urine in the case of the cortisone and hydrocortisone 
perfusions and 2.9 per cent in the Compound § perfusions. However, in 
perfusions with less polar steroids, only microgram quantities were recoy- 
ered in the free fraction of the urine; the possible réle of water solubility 
and protein-binding capacity of steroids in this regard is suggested. No 
metabolites of the perfused steroids could be isolated in the perfusion with 
cortisone, hydrocortisone, Reichstein’s Compound §, 17a-hydroxyproges- 
terone, and dehydroepiandrosterone in either the perfusates or the urine, 
The perfusion with testosterone yielded 9.8 mg. of testosterone and 6.3 mg. 
of A*t-androstene-3,17-dione in the perfusate. The free fraction of the 
urine yielded 1.0 mg. of At-androstene-3 ,17-dione and no testosterone. In 
none of the perfusion experiments were any steroids found in the sulfate 
or glucuronide fractions of the urine. 


The authors gratefully acknowledge the technical assistance of Ellen 
Roitman, Bertha Boutis, and Claude MeMorris. 
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NUCLEOTIDE METABOLISM 


V. INCORPORATION OF P® INTO ACID-SOLUBLE NUCLEOTIDES 
OF RAT LIVER IN VIV0* 


By ANNE F. BRUMM, VAN R. POTTER, anp PHILIP SIEKEVITZt 


(From the McArdle Memorial Laboratory, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 11, 1955) 


Since 1950, the number of nucleotides known to occur naturally in forms 
other than in nucleic acids has risen sharply. The studies by Leloir and 
coworkers (2-4) and by Park (5-7) and the studies on the biosynthesis of 
nucleic acids (8-11) led to the isolation and identification of a series of 
ribose nucleotides from a variety of rat tissues (12, 13). These nucleotides 
occur as the 5’-mono-, di-, and triphosphates! and appear to be completely 
analogous to the well known adenine nucleotides, with uracil (14, 15), 
eytosine,? and guanine (15) as the respective bases. That the compounds 
are probably widely distributed in nature is indicated by the finding that 
the complete series originally found in rat tissue is also present in yeast 
(16). 

The problem of controlling nucleic acid synthesis has been discussed in 
terms of the balance between ATP and its breakdown products (cf. (17), 
pp. 226-227; (18), p. 296), and the more recent finding of all four of the 
ribonucleotides in forms analogous to the adenine nucleotides (12, 13) 
again raises the question of the level of phosphorylation in the nucleotides 
that are the immediate precursors of the nucleic acids. A recent report 
(19) strongly indicates that the diphosphates may be the direct precursors 


*This work was supported in part by a grant (No. C-646) from the National 
Cancer Institute, National Institutes of Health, United States Public Health Service, 
and in part by an institutional research grant (No. 71) from the American Cancer 
Society. A part of this paper was presented at the meeting of the American Society 
of Biological Chemists at Atlantic City, April 16, 1954 (1). 

+ Present address, Laboratories of The Rockefeller Institute for Medical Research, 
New York. 

1 Abbreviations as follows: AMP, ADP, ATP = adenosine mono-, di-, and triphos- 
phates; similarly for UMP, UDP, UTP (uridine); GMP, GDP, GTP (guanosine) ; 
CMP, CDP, CTP (cytidine); IP = inorganic orthophosphate; DPN and TPN = di- 
and triphosphopyridine nucleotide; HMP = hexose monophosphate; IMP = inosine 
monophosphate; UDPG = uridine diphosphate glucose; UDPAG = uridine diphos- 
phate N-acetylglucosamine; UDPHA = uridine diphosphate hexuronic acid; PCA = 
perchloric acid. 

2 Personal communication from Dr. 8. A. Morell and Dr. S. H. Lipton, Pabst 
Laboratories. 
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of ribonucleic acid, and if the balance between the triphosphates and di- 
phosphates is a factor in the rate of nucleic acid synthesis, it is important 
to know whether the guanine, uracil, and cytosine nucleotides are geared 
to the phosphorylation levels of the adenine nucleotides in animal tissue 
in vivo. 

The present report, in connection with studies in vitro (20),? provides 
evidence that within the limitations of the experimental conditions the 
pyrophosphate phosphorus of the di- and triphosphates of all four of the 
ribose nucleotides becomes labeled at nearly the same rate following an 
injection of labeled inorganic orthophosphate, and is in equilibrium with 
the ATP-ADP system. 


EXPERIMENTAL 


Three Sprague-Dawley male rats, obtained from the Holtzman Rat Com- 
pany (Madison, Wisconsin) and weighing from 200 to 300 gm., were each 
injected intraperitoneally with 1.0 ml. of a solution containing approxi- 
mately 40 wmoles of inorganic phosphate, including the radioactive in- 
organic phosphate. The rats were sacrificed at 2, 15, and 60 minutes (one 
rat for each time point). The amount of radioactivity was increased for 
the shorter time periods, and was approximately 162, 100, and 15 uc., 
respectively. The data were finally expressed in terms of the relative 
specific activity; that is, the counts per minute per mole of compound 
relative to the counts per minute per mole of inorganic phosphate in the 
acid-soluble fraction of the same tissue, or in the counts per minute per ml. 
in individual chromatogram fractions, corrected for decay rate to a com- 
mon time point. Immediately after decapitation the livers were excised 
and homogenized in a Waring blendor with approximately twice the volume 
of 0.6 N perchloric acid. The protein was centrifuged and then resus- 
pended in 2 volumes of 0.2 n PCA. The initial extract and the washing 
were neutralized with 5 n KOH, and KClO, was removed preparatory to 
placing the supernatant solution on the ion exchange column.. The prep- 
aration of the column (Dowex 1 X 10; 200/400 mesh) and the separation 
of the compounds by ion exchange chromatography were carried out as 
described previously (12). The extract from each liver was separated into 
500 to 600 fractions on the type I or formic acid column, which was eluted 
until the final fractions contained no significant amounts of ultraviolet- 
absorbing material. The column was given a final elution with various 
concentrated eluents to remove any retained radioactivity, but in all cases 
the amount was negligible. The ultraviolet absorption of each fraction 
was determined in order to locate the major pools of nucleotides. To ef- 


3 Herbert, E., and Potter, V. R., J. Biol. Chem., in press. 
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fect clear cut separation of compounds, in most cases the contents of the 
tubes from the initial chromatogram containing the mixtures of compounds 
were pooled, dried by lyophilization, taken up in water, and rechromato- 
graphed on a type II column as described (12). In some cases this was 
not possible because of the small amounts of the compounds, the low 
radioactivity, and the rapid radioactive decay of the labeled phosphate. 
The separated compounds were identified by the spectrum, and by the 
position on similar columns of compounds identified as described previously 
(9, 12, 13). The millimolar extinction coefficients which have been used 
for calculations of concentrations are expressed as optical density (E260) 
values per micromole per ml. at a wave-length of 260 my and at acid pH 
(cf. (13)), and are as follows: adenosine 13.8; guanosine 12.6; uridine 9.9; 
cytidine 6.85; DPN 18.8. 

The radioactivity of the fractions from the chromatogram was measured 
in solution by means of dip counters. The specific activities of the com- 
pounds given are the average specific activities of a number of fractions 
comprising the peaks in either the initial or the rechromatographed sam- 
ples. 

Total phosphate determinations, measured by the method of Horecker 
et al. (21), were run directly on all of the fractions of the first chromatogram 
in order to determine the position of all of the phosphate-containing com- 
pounds, including the compounds with no absorption in the ultraviolet 
region. Inorganic phosphate was determined directly on some of the tubes 
by the method of Soyenkoff (22),5 while the same method was used on 
dried samples to determine labile phosphate. 


Results 


Fig. 1 presents a chromatogram of the E2»9-absorbing compounds and 
the radioactivity found in an acid-soluble extract of liver 15 minutes after 
injection with IP. In some cases, such as AMP, ADP, UDPAG, and 
UDPG, the specific activity of the compounds can be obtained from this 
initial chromatogram, but in most cases the specific activity could be ob- 
tained with a fair degree of accuracy only after rechromatography (12). 

In Table I are found the specific activities of the mono-, di-, and tri- 
phosphates of the four purine and pyrimidine nucleotides and of the UDP 


‘The inorganic phosphate containing P*? was obtained from the Oak Ridge Na- 
tional Laboratory on allocation from the Atomic Energy Commission. The count- 
ing was carried out under the general supervision of Dr. Charles Heidelberger, to 
whom we are indebted for this help. 

5 The reagent was kindly supplied by Dr. B. C. Soyenkoff. This method is ap- 
proximately 15 times as sensitive as the method of Fiske and Subbarow. 
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derivatives, as compared to the specific activity of the inorganic phosphate 
in the liver. 

It is clear that, soon after the 15 minute point, an equilibrium is attained 
between liver IP-and the labile phosphates of ATP (cf. (23)), but whether 
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Fia. 1. Acid-soluble nucleotides from 10.8 gm. of rat liver 15 minutes after the 
injection of approximately 100 ye. of radioactive inorganic phosphate. The nu- 
cleotides were separated by extended gradient elution (12) with the reservoir con- 
tents changed at the numbered arrows as follows: 1, water; 2, 1 N formic acid; 3, 4.N 
formic acid; 4, 0.2 M ammonium formate + 4 N formic acid; 5, 0.4 M ammonium for- 
mate + 4 n formic acid; 6, 0.8 M ammonium formate + 4 N formic acid. The column 
was 23 cm. in length, 1 em. in diameter; Dowex 1 formate form (12). The open peaks 

represent F269 values and the cross-hatched peaks represent radioactivity. 


this represents an equilibrium between intracellular IP and intracellular 
nucleotides cannot be stated. Using subcutaneous injections of IP, Sacks 
(24) found that this equilibrium occurs somewhat later. It is apparent 
that the labile phosphates of liver ATP undergo a very rapid and equal 
turnover, thus indicating that the adenylate kinase activity of the liver is 
a most vigorous one. This equilibrium between the two labile phosphates 
of ATP comes much sooner, even at 2 minutes, than the equilibrium be- 
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tween IP and the labile phosphates. The phosphate in AMP turns over 
much more slowly (cf. (23)), but at 1 hour the specific activity of the AMP 
reaches an appreciable percentage of the specific activities of the labile 
phosphates of ADP and ATP, as had been found previously (24). 

From Table I it can be noted that the diphosphates of adenosine, gua- 
nosine, and uridine, and the triphosphates of these compounds, have ap- 
proximately the same specific activities at each time point. Thus, it is 
probable that the reactions which have been noted in vitro in liver prepara- 
tions (20),* where it has been found that the labile phosphates of ATP and 
UTP and ATP and CTP are in a rapid reversible equilibrium with each 
other, are also operative in vivo. In the case of CTP, the specific activities 
appear to be significantly lower than those of the other triphosphates, but 
the values are subject to somewhat greater error than are the others. 

The presence of nearly equal levels of radioactivity in the terminal phos- 
phates of ADP, UDP, and GDP is similarly in harmony with the in vitro 
results (20),’ in which the presence of nucleoside monophosphate kinases 
(25, 26) forming each of these compounds has been shown to be highly 
active in rat liver preparations. These results with the diphosphates 
and triphosphates would accordingly be explained by our studies on oxi- 
dative phosphorylation in terms of an initial phosphorylation of ADP to 
ATP, followed by nucleoside kinase activity between ATP and the other 
mono- and diphosphates (20). Our data and those of Strominger et al. 
(26) suggest that the ATP-ADP system plays a major réle in transferring 
phosphate from oxidative donors to the other nucleoside mono- and di- 
phosphates. Data by Sanadi et al. (27) suggest that for certain acceptor 
functions ADP is completely replaced by GDP, while data by Lieberman 
et al. (25) suggest that in yeast the transphosphorylation between the 
various di- and triphosphates is not necessarily mediated by the ATP-ADP 
system. Further work may demonstrate that the reactions responsible 
for the rapid equilibria among the various nucleoside di- and triphosphates 
in vivo (Table I) are the result of a number of transphosphorylations. 
In this discussion CDP has been omitted because of its low concentration 
in the tissue. However, cytidine diphosphate kinase activity is readily 
demonstrated in this tissue.’ 

The mechanism by which the monophosphates become labeled apparently 
operates at a much lower rate, and certainly this phosphorus is not in 
equilibrium with the terminai phosphate of ATP or with inorganic phos- 
phate. In recent studies by Kornberg et al. (28-30), the purine and py- 
rimidine nucleoside monophosphates arose via the 1-pyrophosphate of 
ribose 5-phosphate, with the latter becoming incorporated and the pyro- 
phosphate split off. At this time it cannot be said whether the specific 
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TABLE I 
Specific Activities of Mono-, Di-, and Triphosphates of Purine and Pyrimidine 
Nucleotides and of Various Other Compounds in Rat Liver 
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IP 27,900 | 1450|1.00 | 14,100 | 448 | 1.00| 798 | 31 | 1.00 
| 31 | 
AMP 150 5|0.005| 1,760 | 60 |0.12| 406 | 9/051 
ADP 7,040 | 560 | 0.25 | 12,700 | 1740 | 0.90 | 1180 | 81 | 1.48 
ATP 16,900* | 1180! 0.60 | 24,700¢ | 1080 | 1.75/1710 | 55 | 2.14 
UMP | 603t | 47 | 0.02 650t | 60 |0.05| 166t | 5| 0.21 
UDP 5,900 | 425] 0.21 | 13,000 | 953 | 0.92| 1010§ | 45) 1.26 
UTP 15,400*| | 435 | 0.55 | 23,500t | 1130 | 1.66 | 1590! | 40 | 2.00 
| | | | 

GMP 1,790** | 533 0.06 | 2,680**| 558 | 0.19 
GDP 6,880¢t | 912 |.0.25 | 11,800¢t | 1230 | 0.84 | 1100¢¢ | 69 | 1.38 
GTP 15,100tt | 1010 | 0.54 | 23,500tt | 1100 | 1.66 | 1740¢t | 78 | 2.18 
CMP 54 0.002 | 407 0.03 | 139 0.17 
CDP 
CTP 11,3008§ | 559 | 0.40 | 19,300§§ | 466 | 1.36 | 1190§§ | 135 | 1.49 
UDPHA | 413 860.015 | 5,970 | 647 | 0.424 1010§ | 45 | 1.26 
UDPAG | 536 68 | 0.02 | 4,130 | 237 |0.29| 792 | 85 | 0.99 
UDPG | 3,360 | 553] 0.12 | 11,100 | 645 |0.78| 1030 | 71 | 1.29 
DPN 20 5|0.001| 266 | 7 |0.02| 53 | 81] 0.07 
CDPX|| ||| 138 0.005 | 2,340 0.17 | 333 0.42 
ADPX4§| 555t¢ | 27| 0.02 | 2,030tt| 195 | 0.14] 317¢¢| 12 | 0.40 
CoA 1,700 | 175|0.06 | 5,640 | 415 |0.40| 982 | 36| 1.23 

| 























SA = specific activity counts per minute per micromole of compound. §8.D. = 
standard deviation. 

* ADP from ATP breakdown = 7990; 8.D. = +368 with eleven tubes. UDP 
from UTP breakdown = 7940; 8.D. = +650 with seven tubes. 

+ ADP from ATP breakdown = 12,700; S.D. = +338 with seven tubes. UDP 
from UTP breakdown = 13,300; 8.D. = +2610 with four tubes; possible contamina- 
tion. 

t Small amount of contamination by IP and another F2¢9-absorbing compound. 

§ Contaminated, since unrechromatographed sample contains both UDP and 
UDPHA, but since same specific activity occurs across the peak, it would appear 
that both compounds had same specific activity. 

|| Unrechromatographed sample, but only small contamination. 

** Rechromatographed sample slightly contaminated with another H2.o-absorb- 
ing compound. 

tt ADPX and GDP are not completely separated. 
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TaBLE I—Concluded 


tt A small amount of contamination with another EH. ¢o-absorbing compound. 

§§ Possible contamination with UDP and UDPHA. 

||| A eytidine compound that is eluted just ahead of CMP. 

€ An unidentified adenine nucleotide (12). 3 

The blank spaces indicate that, while the compounds were present in the extract, 
there was too much contamination to make even an approximate estimate of SA. 
The SA of the IP is that of the liver IP. The SA of the other compounds is based on 
the calculated micromoles of the purine or pyrimidine moieties. The formula for 
determining the standard deviation for small numbers of samples was used, in which 
.- sf = 

(n — 1) 

compound for which both radioactivity and ultraviolet absorption could be accu- 
rately measured. This number was usually between 3 and 14. 


, where 7 was the number of fractions obtained for a given 


activity of the ribose 5-phosphate in the tissue® keeps pace or closely fol- 
lows that of the inorganic phosphate or ATP, but even if this should prove 
to be the case, it could not be assumed that the nucleoside monophosphates 
would be in equilibrium with ribose 5-phosphate. Similar considerations 
apply to the numerous other possible sources of the monophosphate phos- 
phorus (31-36), and probably it is not a measure of de novo synthesis or 
any other single reaction. 

Of the coenzymes, the phosphates of DPN had a very low turnover 
relative to that of the mononucleotides, and the molar specific activity 
was roughly one-sixth of the AMP at each time point. Nothing can be 
said of TPN or of the flavin mono- or dinucleotides at this time. Of the 
three derivatives of UDP it can be seen that, at least at the 2 minute and 
15 minute points, UDPG has a higher specific activity than the other two 
derivatives, and that its specific activity is very close to that of UDP. 
It is probable that UDPG is formed rapidly from UTP and glucose 1-phos- 
phate (37-39). The same kind of a reaction for the formation of UDPAG 
has been found to occur in vitro in liver (37), and its activity lower than 
that of UDPG (Table I) is what might be expected if the hypothetical 
acetylglucosamine phosphate is less radioactive than glucose 1-phosphate. 
Smith and Mills (37) did not find a similar reaction for the formation of 
UDPGA, which is apparently a coenzyme for glucuronide syntheses (40). 


6 From Fig. 1 it is apparent that there is considerable radioactivity not associated 
with ultraviolet adsorption. It was determined, largely by rechromatography of 
the GMP, IMP, and UMP regions, that there are at least eleven compounds that 
contain phosphorus and show no absorption at 260 mu. Although these are as yet 
unidentified, there were seven peaks with sufficient material for accurate counts and 
phosphorus determinations, and the range of specific activities was 5000 to 7500 
¢.p.m. per ymole of phosphorus, which is the same order of magnitude as the ter- 
minal phosphates of the di- and triphosphates. Several of these compounds are be- 
lieved to be glycolytic intermediates. The specific activities refer to compounds 
from the rat sacrificed at 2 minutes. 
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The radioactivity data are compatible with the evidence that UDPGA is 
formed directly from UDPG (41, 42). 


DISCUSSION 


The complexity of nucleotide metabolism lies in the fact that apparently 
all of the nucleotides possess coenzyme functions that are superimposed 
upon their functions as precursors of nucleic acids, at least in the ribose 
series, in which considerable data are available. Thus each ribose mono- 
nucleotide that is a potential building block for nucleic acid occurs not 
only in the form of mono-, di-, and triphosphates (and possibly higher 
phosphates as well), but also as nucleotides in which the terminal phos- 
phate of the triphosphate has been in effect replaced by some other group. 
The rate of incorporation of P® into the terminal phosphates of all four 
ribonucleotides is a measure, not of nucleic acid synthesis, but of the par- 
ticipation of these nucleotides in the group transfers that are carried out 
by the cell independently of nucleic acid synthesis. It is apparent from 
the present studies, as well as earlier in vivo studies in which the pyrimidine 
(9) and the ribose moieties (11) were labeled, that the turnover rates for 
the individual members of the nucleotide pool are so rapid that the labeling 
of base, sugar, and ester phosphate is nearly the same for all members of 
a given series. From this it follows that labeling of these nucleotides in 
vivo cannot hope to identify the form of the nucleotides that represents 
the proximal precursor for the nucleic acids. This information must come 
from systems in which the interconversions among the various forms of 
the acid-soluble nucleotides are minimized while incorporation into nucleic 
acid is occurring. The bacterial extracts obtained by Grunberg-Manago 
and Ochoa (19) appear to meet these requirements and utilize the diphos- 
phates exclusively. It remains to be seen whether similar results will be 
obtained with cell fractions from homogenates of rat tissue, but the locali- 
zation of the various interconversions has been worked out (20)’ and active 
incorporation into the ribonucleic acid of the microsome and supernatant 
fractions has been obtained.’ 


SUMMARY 


1. Following the injection of rats with inorganic phosphate labeled with 
P*, the acid-soluble fraction of the liver was examined by anion exchange 
chromatography and the specific activities of the ribose mononucleotides 
were examined at 2, 15, and 60 minutes. 

2. The terminal phosphates of the di- and triphosphates of adenosine, 
guanosine, uridine, and cytidine became radioactive at nearly the same 
rate and approached the specific activity of the inorganic phosphate at 
15 minutes. 


7 Herbert, E., Potter, V. R., and Hecht, L. I., unpublished. 
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BB. The monophosphates were much less active and did not approach the 
specific activity of inorganic phosphate even at 60 minutes. 

1. At 15 minutes, the radioactivity of uridine diphosphate glucose was 
similar to that of uridine diphosphate and considerably greater than that 
of uridine diphosphate acetylglucosamine and uridine diphosphate hexu- 
ronic acid, but by 60 minutes the latter compounds approached the activity 
of the diphosphate. 

5. The problem of finding the proximal precursor for nucleic acid syn- 
thesis was discussed. 


BIBLIOGRAPHY 


1. Potter, V. R., Herbert, E., Takagi, Y., Siekevitz, P., and Brumm, A., Federation 
Proc., 18, 276 (1954). 

2. Caputto, R., Leloir, L. F., Cardini, C. E., and Paladini, A. C., J. Biol. Chem.., 
184, 333 (1950). 

3. Paladini, A. C., and Leloir, L. F., Biochem. J., 61, 426 (1952). 

4. Cabib, F., Leloir, L. F., and Cardini, C. E., J. Biol. Chem., 208, 1055 (1953). 

5. Park, J. T., J. Biol. Chem., 194, 877 (1952). 

6. Park, J. T., J. Biol. Chem., 194, 885 (1952). 

7. Park, J. T., J. Biol. Chem., 194, 897 (1952). 

8. Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 196, 257 (1952). 

9. Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 209, 1 (1954). 

10. Schmitz, H., Potter, V. R., and Hurlbert, R. B., Cancer Res., 14, 58 (1954). 

11. Schmitz, H., Potter, V. R., Hurlbert, R. B., and White, C. M., Cancer Res., 14, 
66 (1954). 

12. Hurlbert, R. B., Schmitz, H., Brumm, A. F., and Potter, V. R., J. Biol. Chem., 
209, 23 (1954). 

13. Schmitz, H., Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 209, 41 (1954). 

14. Lipton, S. H., Morell, 8. A., Frieden, A., and Bock, R. M., J. Am. Chem. Soc., 
75, 5449 (1953). 

15. Berkvist, R., and Deutsch, A., Acta chem. Scand., 7, 1307 (1953). 

16. Schmitz, H., Biochem. Z., 325, 555 (1954). ‘ 

17. Potter, V. R., Advances in Enzymol., 4, 201 (1944). 

18. Potter, V. R., in Begg, R. W., Canadian cancer conference, New York, 290 (1955). 

19. Grunberg-Manago, M., and Ochoa, S., J. Am. Chem. Soc., TT, 3165 (1955). 

20. Herbert, E., Potter, V. R., and Takagi, Y., J. Biol. Chem., 218, 923 (1955). 

21. Horecker, B. L., Ma, T. S., and Haas, E., J. Biol. Chem., 186, 775 (1940). 

22. Soyenkoff, B. C., J. Biol. Chem., 198, 221 (1952). 

23. Cobey, F. A., and Handler, P., J. Biol. Chem., 204, 283 (1953). 

24. Sacks, J., Arch. Biochem., 30, 423 (1951). 

25. Lieberman, I., Kornberg, A., and Simms, E. 8., J. Biol. Chem., 215, 429 (1955). 

26. Strominger, J. L., Heppel, L. A., and Maxwell, E. 8., Arch. Biochem. and Bio- 
phys., 52, 488 (1954). 

27. Sanadi, D. R., Gibson, D. M., and Ayengar, P., Biochim. et biophys. acta, 14, 434 
(1954). 

28. Kornberg, A., Lieberman, I., and Simms, E. 8., J. Biol. Chem., 215, 389 (1955). 

29. Kornberg, A., Lieberman, I., and Simms, E. 8., J. Biol. Chem., 215, 417 (1955). 

30. Lieberman, I., Kornberg, A., and Simms, E. 8., J. Biol. Chem., 215, 403 (1955). 

31. Brawerman, G., and Chargaff, E., J. Am. Chem. Soc., 75, 2020 (1953). 








NUCLEOTIDE METABOLISM. V 


. Brawerman, G., and Chargaff, E., Federation Proc., 13, 186 (1954). 
. Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 193, 481 (1951). 
. Saffran, M., and Searano, E., Nature, 172, 949 (1953). 

. Goldwasser, E., J. Biol. Chem., 202, 751 (1953). 


36. Caputto, R., J. Biol. Chem., 189, 801 (1951). 


37. Smith, E. E. B., and Mills, G. T., Biochim. et biophys. acta, 18, 386 (1954). 
. Munch-Peterson, A., Kaleckar, H. M., Cutolo, E., and Smith, E. E. B., Nature, 


172, 1036 (1953). 


. Berg, P., and Joklik, W. K., J. Biol. Chem., 210, 657 (1954). 
. Dutton, G. J., and Storey, I. D. E., Biochem. J., 57, 275 (1954). 
. Strominger, J. L., Kalekar, H. M., Axelrod, J., and Maxwell, E.S.,.J. Am. Chem. 


Soc., 76, 6411 (1954). 


. Mills, G. T., and Smith, E. E. B., Federation Proc., 14, 256 (1955). 





XUM 


in 
tw 
lal 
ab 


bi 


fre 
of 
esi 
an 


an 
wl 


its 
an 
te! 
an 


tr: 


lure, 


hem. 





VvViiM 


THE METABOLISM OF THE AMIDINE GROUP OF 
ARGININE IN THE INTACT RAT 


By DeWITT STETTEN, Jr., any BEN BLOOM 


(From the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, Public Health Service, 
Bethesda, Maryland) 


(Received for publication, October 12, 1955) 


The present study is concerned with the metabolism of arginine in the 
intact rat. The amidine group of the arginine employed was labeled with 
tivo isotopes, N'® and C™“. It was hoped that by the device of double 
labeling information beyond that presently available could be secured 
about the various fates of this amino acid. 

The first question about which information was sought was the possi- 
bility of loss and subsequent replacement of amidine nitrogen without con- 
comitant exchange of amidine carbon. This might result, for example, 
from reversal of the citrulline — arginine reaction (1, 2) or from the action 
of an as yet undiscovered mammalian arginine desimidase. Such proc- 
esses, if they occurred, would be expected to lower the ratio N'°/C™ in the 
arginine of tissue proteins. 

The nitrogen of the amidine group of creatine is known to arise from the 
amidine group of arginine (3, 4). It has not been established, however, 
whether in this transamidination reaction the amidine group migrates with 


its skeleton (—N—C=N—) intact. Equality of the ratio N'/C™ in the 
amidine group of carcass creatine with the corresponding ratio in adminis- 
tered arginine would support the conclusion that C—N bonds within the 
amidine group were not ruptured incident to this transfer. 

Studies with arginine-amidine-N' (4) have yielded results in excellent 
agreement with the classical hypothesis of an ornithine-citrulline-arginine 
cycle. When urea-N* was fed, it appeared to behave as a metabolic end- 
product, little N'® being recovered in products other than urea. We know 
of no studies in which the fate of the amidine-carbon of arginine has been 
similarly followed, but several investigators have reported on the adminis- 
tration of urea-C™ (5, 6), and have found that a considerable fraction of 
this carbon is recoverable in expired COs. The present experiments with 
doubly labeled arginine were designed to shed light on this apparent dis- 
crepancy. 

723 
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EXPERIMENTAL 


Synthesis of Arginine-Amidine-C™,-N'® Hydrochloride—The synthesis of 
L-arginine monohydrochloride, doubly labeled in the amidine group with 
C™ and N®, followed in general the method of Kurtz (7). This method 
involves the condensation of the copper complex of ornithine with O-meth- 
ylisouronium chloride. 

Cyanogen bromide-C™ was prepared by addition of 41 mmoles of NaCN 
in a total volume of 14 ml. of H.O (8) to 40 mmoles of Bro, in a flask im- 
mersed in ice. The addition, which was made over a 3 hour period with 
stirring, consisted first of 1 mmole of NaC“N (1 me.),! followed by 40 
mmoles of non-isotopic NaCN. During addition the temperature was 
maintained at 10° or below. The crystalline product was then distilled 
through a short stem into a receiver immersed in ice and fitted with a 
reflux condenser. All the material which could be distilled on a boiling 
water bath was collected. The crystalline distillate, which was slightly 
brown in color, was dissolved in 30 ml. of ether and treated with anhydrous 
CaCl, for 1 hour at 0°. 

To the filtered ethereal solution of crude C“NBr was added a chilled 
solution containing 80 mmoles of N'°H; (approximately 62 atom per cent 
excess)? in 60 ml. of absolute methanol (9). A colorless solution resulted 
which, upon warming to room temperature, deposited crystals of N!°H,Br. 
On the following day the crystals were removed by filtration, the filtrate 
was evaporated to dryness in vacuo, and the residue was repeatedly ex- 
tracted with portions of boiling ether. The combined ether-insoluble ma- 
terial, presumably N'H,Br, weighed 3.43 gm. (88 per cent of theory). 
The ether-soluble H,.N-C=N was recovered after removal of solvent under 
N, and dried in vacuo over P,O;. It weighed 1.30 gm. (31 mmoles). 

This crude cyanamide was treated with about 25 ml. of cold absolute 
CH;OH and 2.5 gm. of anhydrous HCl (10). The mixture was left at 
room temperature for 5 days in a flask protected by a CaCl, tube. The 
solvent was then removed under No», and the residue was dried. This 
amounted to 3.07 gm. (28 mmoles calculated as O-methylisouronium chlo- 
ride). 

30 mmoles (6.15 gm.) of L-ornithine dihydrochloride ({a],' 14.35°, con- 
centration 4 per cent) (7) were suspended in water and brought into solu- 
tion by adjustment of the pH to 7.0 with 2 nN NaOH. This clear solution 
(about 20 ml.) was treated with an excess of basic copper carbonate, boiled 
for 15 minutes, filtered, and cooled. 16 ml. of 2 N NaOH were then added, 
and the entire solution of copper-ornithine complex was transferred onto 


1 Obtained from Tracerlab, Inc. 
2 Obtained from the Eastman Kodak Company. 
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the dry O-methylisouronium chloride described above. The resulting clear 
dark blue solution was kept at room temperature for 7 days. The solution 
was then brought to pH 3.5 with HCl, and the mixture was saturated with 
H.S, boiled to eliminate excess H.S, and filtered. To the filtrate plus 
washings were added 75 mmoles (26.2 gm.) of flavianic acid dissolved in 
65 ml. of hot water (11). Immediate crystallization occurred, and after 
refrigeration for 24 hours the crude arginine flavianate was collected, 
washed with ice water, and then with ethanol. 

The crude arginine flavianate (19 gm.) was decomposed by treatment on 
the steam bath with 45 ml. of concentrated HCI solution for 2 hours. 
After refrigeration for 2 hours, the regenerated flavianic acid was removed 
by filtration, and the filtrate and washings were evaporated to a syrup in 
vacuo, dissolved in boiling water, and decolorized with charcoal. Ethanol 
was cautiously added to the filtrate, the pH adjusted to about 7 by addi- 
tion of aniline (12), and the resultant oily precipitate seeded and scratched. 
After several days of refrigeration the precipitate was collected, washed 
with cold ethanol, and dissolved in 10 ml. of hot water. After decoloriza- 
tion with charcoal, the solution was treated with ethanol, and, upon seed- 
ing, White crystals of L-arginine monohydrochloride were deposited. After 
refrigeration these were filtered off, washed with ethanol, and dried in 
vacuo, first over CaCls, then over P.O;. The final yield was 3.48 gm. 
(16.5 mmoles = 41 per cent of theory based on 40 mmoles of starting 
materials). The nitrogen content (Kjeldahl) of the arginine monohydro- 
chloride was 26.6 per cent (calculated 26.8 after correction for 15 atom 
per cent excess N!5).  [aj?°* 27.2° (concentration 1.6 per cent as arginine 
in 6 N HCl). 

From the accumulated mother liquors of the last stages, an additional 
1.20 gm. of recrystallized arginine monoflavianate were secured. 

Feeding Experiments—Male rats of the Sherman strain weighing from 
80 to 110 gm. were divided into three groups. Experiments 1-A and 1-B 
consisted of three and two rats, respectively. The rats of Experiment 
1-A were maintained in a metabolism cage which permitted daily collection 
of urine. The rats of Experiment 1-B were maintained in a desiccator 
modified to permit daily collection of expired CO,.. The urines of this 
latter group were preserved with diphenylmercuric borate and pooled for 
the duration of the experimental period. The treatment of the three rats 
in Experiment 2 was identical with that in Experiment 1-A. 

For 3 days prior to experimentation the rats were given access to a diet 
consisting of 18 per cent casein, 5 per cent salt (Osborne-Mendel mixture 
No. 1), 55 per cent corn starch, 7 per cent cellulose, 5 per cent yeast, 8 
per cent corn oil, and 2 per cent cod liver oil. To minimize scattering, the 
diet was made into a paste with water. At the beginning of the experi- 
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mental period, sufficient isotopic arginine monohydrochloride was added to 
the diet so that the animals received an average of 1.25 mmoles of arginine 
per kilo of rat per day. The feeding of the isotopic diet was continued for 
3 days. At the end of this period the tissues of rats of Experiments 1-A 
and 1-B were combined. 

Urine—Ammonia nitrogen was determined and isolated for N' assay 
by aeration after addition of K,CO; (13). Urea nitrogen was measured by 
a urease method (13). The N' and C* contents of urea were obtained by 
analysis of the dixanthydry] derivative (14). The nitrogen contents (Kjel- 
dahl) of the dixanthydryl urea derivatives ranged from 6.7 to 6.9 per cent 
(calculated 6.7). 

Nucleic Acids, Arginine, Aspartate, and Glutamate—Sodium nucleates 
were isolated from the internal organs (kidney, liver, thymus, testis, and 
spleen) by extraction with hot 10 per cent NaCl solution as described by 
Conzelman ef al. (15). The product did not contain sufficient isotope to 
warrant further study. The residue was defatted by extraction with al- 
cohol and ethyl ether and was dried. Arginine monoflavianate was iso- 
lated essentially as described by Vickery (11) and converted to arginine 
monohydrochloride according to the method of Cox (12). The nitrogen 
content of the isolated arginine monohydrochloride was 26.6 per cent, Ex- 
periment 1, and 26.2, Experiment 2 (calculated 26.6). 

The mother liquor from the arginine flavianate isolation was freed of 
flavianic acid by neutralization with Ba(OH), solution, filtration, and fur- 
ther treatment with charcoal. Glutamic acid hydrochloride and cupric 
aspartate were isolated as described by Stetten and Schoenheimer (16). 
The nitrogen content of the glutamic acid hydrochloride was 7.7 per cent 
(calculated 7.6) and of the cupric aspartate 7.3 (calculated 7.2). 

Creatine—After removal of the organs and skin the carcasses were 
minced, and creatine was isolated as creatinine picrate according to Foster 
et al. (17). The creatinine picrate was converted to creatinine: ZnCl, by 
the method of Benedict (18). The creatinine-ZnCl, contained 23.5 per 
cent nitrogen, Experiment 1, and 23.0 per cent, Experiment 2 (calculated 
23.2). 

Amidine-N*, -C'—The isotope content of the amidine group of arginine 
and of creatine was measured on samples of NH; and CO, obtained by 
refluxing these products with Ba(OH),. as described by Bloch et al. (9). 


Results 


Recovery of Isotope in Tissue Constituents—Comparison of the concen- 
trations of C“ and N* in the arginine fed with that recovered from internal 
organs (Table I) reveals an approximate 100-fold dilution to have taken 
place in each of the experiments. The alkaline degradation of arginine to 
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liberate the C and N of the amidine group gave the theoretical value for 
N* on synthetic arginine, but the value for C™ was slightly less than ex- 


TABLE | 
Isotope Distribution after Feeding Arginine-C% and -N*% 

Arginine labeled in the amidine group with C™ and N'5 was included in the diet 
of three groups of rats, Experiments 1-A, 1-B, and 2, at the level of 1.25 mmoles per 
kilo of rat per day for 3 days. The rats were sacrificed, and the internal organs and 
carcasses from Experiments 1-A and 1-B were pooled. For further details, see the 
experimental section. 





| Corrected 











| | 
| esc} ee Cmte | Competed) apy 
| | ® | ®» | © @ | ov@ 
| | atom per cent | per cent | c.p.m. per | per cent 
excess | | milliatomC | 
Arginine, fed | 15.26 | 4.59 & 105 | 
In amidine} 30.61 | 100 | 2.56 x 10° | 100 1 
Arginine, organs l 0.190 | 4.36 108 | 
In amidinet 0.357 | 1.16 | 2.31 X 10 | 0.90 | 1.28 
Arginine, organs 2 0.205 | 5.04 X 10° 
In amidinet | 0.372 | 1.21 | 2.90 X 10 | 1.13 | 1.07 
| | 
Glutamate, organ 1 a 0.075 | | 
Aspartate ia | 0.049 | | 
Creatine, carcasses 1 0.142 | | 5.08 & 108 
In amidinet 0.228 | 0.75) 1.99 * 104 0.78 | 0.96 
Creatine, carcasses | 2 | 0.120 4.42 XK 108 
In amidinef | | 0.191 0.62 | 1.66 X 104 0.65 | 0.95 
Urea, urine, Ist day | 1-A | 0.335 1.10 | 3.06 X 104 1.19 | 0.92 
ee. Se | 0.488 | 1.44 | 2.46 x 10' | 0.96 | 1.50 
- 0.506 1.66 | 1.03 104 0.40 | 4.15 
‘“* Ist-3rdday|} 1-B 0.420 1.38 | 1.92 * 104 0.75 | 1.84 
“Ist day | 2 0.280 0.92 | 2.36 X 104 0.92 | 1.00 
~ e * | 0.407 1.33 | 3.18 & 104 1.24 | 1.07 
3rd“ 0.569 1.86 | 1.55 X 104 0.60 | 3.10 
i | 














* Values in columns (b) and (d) are isotope concentrations adjusted to 100 in the 
amidine group of arginine fed. 


} The term ‘‘amidine”’ refers to NH; and CO: liberated after treatment with boil- 
ing Ba(OH): solution. 


pected. When the dilutions of the two isotopes of organ arginine are 
compared (last column, Table I), it would appear that the amidine carbon 
has undergone slightly greater dilution than the amidine nitrogen. As 
was anticipated from the results of Bloch (4), some N'* was recovered in 
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the dicarboxylic amino acids of the organs, more in glutamic than in 
aspartic acid. 

Nitrogen of the amidine group of creatine is known to arise from that of 
arginine (4). Evidence published to date does not permit a decision as 
to whether the amidine group, comprising 1 C atom and 2 N atoms, is 
transferred intact. In the present experiments (Table I), the carcass 
creatine isolated contained both isotopic atoms with which the ingested 
arginine was labeled. The concentrations of isotope in the amidine group 
of creatine were less than 1 per cent of the corresponding concentrations 
in the amidine group of ingested arginine. In each case, however, the 
ratio of the two isotopes in the amidine of creatine (last column, Table I) 
did not deviate significantly from that in the amidine of the arginine fed. 
This finding supports the view that, in this transamidination reaction, 
the amidine group migrates intact. 


TABLE II 
Elimination of Amidine Carbon As CO2 


The expired CO, from the rats of Experiment 1-B was collected in 24 hour portions. 











Consumed as arginine Excreted as COz 
Day No. - ee STEERER —~ 
Total activity Specific activity Total activity 
c.p.m. c.p.m. per milliatom C c.p.m. 
1 6.11 X& 10° 89 0.39 * 105 
2 6.78 XK 105 1160 4.94 K 10° 
3 


6.68 X 10° 1930 7.76 X 10° 


Distribution of Isotope in Excretory Products—Of the C™ ingested as 
amidine-labeled arginine, a considerable fraction appeared in respiratory 
CO,. The specific activity of the CO, rose with the passage of time (Table 
II). In the 3 day period of study, two-thirds of the ingested radioactive 
carbon appeared as COs, and, on the 3rd day of feeding, actually more 
C™ was exhaled as CO, than was ingested on that day. The magnitude 
of this conversion was unexpected in view of the fact that, in the accepted 
pathways of mammalian metabolism of arginine, no direct route exists 
from amidine carbon to COs. 

Of the N! ingested as amidine-labeled arginine (Column /, Table III), 
35 to 45 per cent was recovered in the total urinary nitrogen (last column, 
Table III) in the 3 day period. In those experiments in which daily urine 
collections were made, the ammonia of the urine contained 0.4 to 4 per 
cent as large a quantity of N' as did the urea. The N™ concentrations 
in total urinary N as well as in urea and ammonia rose on successive days. 

It is of interest to compare the concentrations of C™ and of N* in urinary 
urea with those of the arginine fed (Table I). In contrast to the behavior 
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of N“*, the C™ concentration in urea was irregular, with a tendency to 
decline which was most marked on the 3rd day of each experiment. The 
reason for this decline, in the face of a rising N'® concentration in urea 
and a rising specific activity in CQ, (Table IJ), is not apparent. This 
behavior is reflected in the values in the last column of Table I. Here 


Tase Iii 
Partition of Nitrogen and Isotope Distribution in Urinary Products 
Experiments 1-A and 2 were conducted on three rats each; Experiment 1-B was 
conducted on two rats. 





Consumed Urine 
at Day No. Nitrogen | x15 
Arginine Nb N Nis 
(g) X (h) 
a) m , | h) 100 
| - — | - 
mmole milliatom milliatoms pag! milliatom 
MA. Ges 0.356 0.217 Total 18.2 (0).282 0.0513 
| Urea 15.1 0.335 0.0506 
NH; 0.63 0.033 0.0002 
2 0.344 0.210 Total 17.9 0.397 0.0710 
Urea 14.9 0.438 0.0652 
NH; 0.63 0.117 (0).0007 
3 | 0.363 (0.221 Total 19.9 0.443 0.0881 
Urea . 16.9 0.506 0.0855 
NH; 0.63 0.202 0.0013 
1-B 1-3 0.689 (0.420 Total 48.4 0.371 0.180 
Urea 0.420 
NH; 3.03 0.347 0.011 
2 1 | 0.382 (0.233 Total 29.9 0.246 0.0736 
Urea 24.3 0.280 0.0680 
| | NH; 0.82 0.036 0.0003 
| 2 | 0.417 0.254 Total 25.5 0).352 0.0898 
Urea 21.2 0.407 0.0863 
| NH; 0.96 0.073 0.0007 
3 0.412 ().251 Total 27.4 0.504 0.138 
Urea 22.4 0.569 0.127 
NH; 1.27 0.373 0.0047 


it is seen that the ratio of isotopes (N'°/C"™) in urinary urea, close to unity 
initially, rises to a value of 3 to 4 by the 3rd day. From this it is clear 
that, of the constituent atoms of urinary urea, a larger fraction of the N 
than of the C is derived from the amidine group of ingested arginine. 


DISCUSSION 


Three findings which have become apparent in the description of the 
results are presumably related. These are (1) that a major fraction of 
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the amidine carbon of arginine fed to rats appears as expired COs, (2) that 
the ratio N*/C* in urinary urea rises significantly above the corresponding 
ratio in the amidine group of ingested isotopically labeled arginine, and 
(3) that, in the arginine isolated from internal organs, this same ratio 
appears to be slightly higher than in the material ingested. 

Whereas no mammalian enzymes are known te account for the direct 
conversion of amidine carbon of arginine to COs, there is ample evidence 
(19) that ureases from bacteria in the gastrointestinal tract may degrade 
urea, which in turn arises from the action of arginase upon arginine. Of 
the products of gastrointestinal urea breakdown, the ammonia would be 
expected to enter the portal circulation, to be returned to the liver for 
resynthesis into arginine, ultimately appearing in large part as urea. The 
carbon dioxide, on the other hand, even assuming efficient intestinal ab- 
sorption, would be mixed with a large reservoir of CO: prior to reentry 
into the urea cycle, and its isotope would be greatly diluted. It is con- 
cluded that the metabolic inertia of urea in the intact animal, based on 
studies with N™ alone, is apparent rather than real and reflects the effi- 
ciency with which ammonia arising in the gastrointestinal tract is re- 
synthesized into urea in the liver. 


SUMMARY 
L-Arginine-amidine-N°-C™ has been fed to rats for 3 days. The ratio, 
N!5/C¥, in the amidine group of arginine isolated from organ proteins was 
somewhat higher than that in the material fed. The corresponding value 
in the amidine group of the carcass creatine was essentially equal to that 
in the arginine-fed group. The ratio N'°/C" in the urinary urea of the 
Ist day was also approximately equal to that in the amidine of dietary 
arginine, but rose to values three to four times as high by the 3rd day. 
Over the 3 day period, two-thirds of the C™ ingested was exhaled as C™O.. 
These results indicate the absence of any process wherein amidine nitro- 
gen of arginine is lost without coincident loss of amidine carbon. The 
transamidination from arginine ultimately to yield creatine proceeds with- 
out rupture of C—N bonds in the amidine group. In agreement with 
the findings of others, it is concluded that urea, arising from the amidine 
group of arginine, is subject to extensive catabolism in the intact animal, 
presumably in the gastrointestinal tract. Much of the ammonia arising 
in this process is resynthesized into arginine, whence it reenters the urea 
cycle, whereas most of the CO, is lost in the exhaled air. 
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The rate of fat absorption has generally been measured either directly 
by determining the amount of lipide remaining in the alimentary tract 
after feeding fat, or indirectly by following the appearance of fat in the 
blood stream. The latter measurement is known to be influenced by fac- 
tors other than the actual absorption of fat, such as the rate of removal of 
the lipides from the blood. This rate, of course, is determined by the speed 
of lipide utilization and deposition, as well as any mobilization from the 
tissues. Hence, the direct recovery by an adaptation of the Cori (1) 
method, introduced by Irwin et al. (2) and later modified by Deuel and 
coworkers (3), seems to have been preferred in studies of fat absorption 
with animals. 

The findings of the present study indicate that the results obtained with 
the direct method may also be influenced by factors other than the absorp- 
tion of fat. Lipide recovered from the alimentary tract shortly after feed- 
ing C-labeled fat contained considerably less activity per mg. of lipide 
than did the fed fat. A similar finding has been reported by Borgstrém 
(4). These observations suggested that it might be worth while to com- 
pare the results obtained with a number of different methods which have 
been used for determining, either directly or indirectly, the rate of fat 
absorption. Then, too, it would be advantageous to have additional in- 
formation regarding the limitations of some of these indirect methods since 
the direct procedure is necessarily limited to studies with animals. 

The various determinations studied have involved the appearance of 
the ingested labeled fat in the blood and tissues, its disappearance from 
the alimentary tract, and its utilization. The rate of appearance of the 
fat in the blood was measured by both the chylomicrograph and the activity 
of the blood, whereas its disappearance from the alimentary tract was 
determined by the amount as well as the activity of the fat recovered. 


The excretion of the labeled carbon dioxide was employed as a measure 
of utilization, 


* This investigation was supported in part by a research grant from the Atlas 
Powder Company and the Lipotropic Research Fund. 
{ Chilton Foundation Fellow. 
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MEASUREMENT OF FAT ABSORPTION 


EXPERIMENTAL 


Procedure—Y oung adult male rats of the Sprague-Dawley strain received 
only water and 5 per cent glucose! ad libitum during the 48 hours preceding 
the study. The animals were maintained at about 26° and initially con- 
ditioned to the metabolism cage by being placed in it for 3 or 4 hours a day 
for several days. Each rat was weighed, and a blood sample taken from 
the clipped tail for chylomicron counts. The rat was then given, by tube, 
0.3 ml. of lipide (1.3 per cent palmitic acid-1-C™ in olive oil’) per sq. dm. 
of body surface and placed in an all-glass metabolism cage (5). Air freed 
of CO, was drawn through the metabolism cage at the rate of about 500 
ml. per minute. The expired CO, was trapped in n NaOH in 3 hour inter- 
vals for 4 hours. Blood samples were collected from the tail of the rat at 
the end of each hour for direct mounting on planchets, for carbonate forma- 
tion after wet oxidation, and for use in chylomicron counting. 

The portion of the alimentary tract from the esophagus to the cecum 
was removed from the anesthetized rat at the end of the experimental 
period, and the unabsorbed fat was recovered by flushing the tract with 
100 ml. of ether. The recovered lipides were freed of solvent and weighed 
in order that the amount of absorbed fat could be calculated. No correc- 
tions were made for the lipide in the intestine after the 48 hour preparation 
period, since the 25 mg. correction factor was approximately canceled by 
the 5 per cent loss in immediate recovery. The lipide residues were dis- 
solved in petroleum ether, aliquots of the recovered as well as the ingested 
lipides were wet ashed, and the specific activity of each was determined. 
This permitted another calculation of lipide absorption on the basis of the 
loss of labeled lipide from the intestinal tract. The total activities of 
extracted lipides and the residual tissues of the organs and carcass were 
determined as an additional check on the total absorbed fat. 


Methods 


The method of direct mounting of blood samples for C“ determinations 
and the technique for chylomicron counting have been described in detail 
elsewhere (6). Areas under the curves were calculated from the 1 to 4 
hour values of chylomicron counts as well as those of the activities of the 
blood and expired CO, of each animal. The alimentary tract and the liver 
of each rat were homogenized, and the lipides were extracted with ethanol 
and ether. The remaining carcass was ground, and similarly the fat was 
extracted from an aliquot of the tissue. The radioactivities of the extracted 
lipides and residual tissues were determined after wet oxidation of aliquots 


1Cerelose generously supplied by the Corn Products Refining Company, New 
York. 

2 Palmitic acid-1-C™ (1 me. per mmole) was obtained from Tracerlab, Inc., Boston, 
Massachusetts. 
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to CO2 with a modified Van Slyke-Folch (7) oxidizing mixture and subse- 
quent conversion of the CO. to BaCO;. Specific and total activities were 
obtained as previously described (6) on mounts of infinite thickness. 


RESULTS AND DISCUSSION 


The amounts of lipide absorbed, as measured by the recovery method 
and by activity determinations on the fed and recovered lipide (Table I), 
are expressed in mg. per sq. dm. of body surface, since evidence has been 


TaBLeE I 
Rate of Fat Absorption As Measured by Direct Methods 
Rats were given olive oil containing labeled fatty acid. Lipide absorption was 
determined after a 4 hour absorptive period by both an adapted Cori technique and 
by calculation from the total activity of the fed and recovered lipide. The secreted 


lipide was calculated to be that in the tract in excess of the ingested labeled fat 
recovered. 


























Total recovery | From activity determinations 
Rat No. | | Absorbed | Lipide absorbed | Recovered lipide 
Fed | ay 
Amount seis] amoun |e, | Rats | areas | Piste 
== i a. a mg. | mg. ; mg. | mg. per cent mg. per cent 
1 804 | 324 27.7 | 490 41.9 | 65.5 | 166 20.7 
2 978 | 413 28.9 726 50.8 | 44.6 313 32.0 
3 822 234 | 19.5 573 | 47.6 | 42.3 | 339 41.2 
| | | | 
4 | 786 | 154 | 13.5 | 524 | 45.8 | 41.5 | 370 | 47.1 
5 786 | 140 | 12.2 501 | 43.5 | 44.1 | 361 | 45.9 
| | | | 
Average...... | 835 | 253 | 20.4 | 563 | 45.9 | 47.6 | 310 | 37.4 
| | } | u 








* Relative activity is defined here as the ratio of the specific activity of the iso- 
lated material to the specific activity of the fed lipide X 100. 
+ Calculated from the amount and relative activity of the recovered lipide. 


presented to suggest that this measurement more truly represents the rate 
of fat absorption (3, 8). The values for absorption based on activity are 
calculated from the difference in the total activities of the fed lipide and 
that recovered from the alimentary tract. The assumptions are made 
that the administered fat is absorbed as a homogeneous entity and that 
the disappearance of C'-labeled lipide reflects absorption of the test meal. 
The rates of lipide absorption, as calculated by these two methods, are in 
poor agreement. The absorption values based on activity present only 
such variations as are to be expected from animal to animal, and are more 
uniform than those based on total recovered lipide. 

The specific activity of the recovered lipide is considerably less than that 
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of the fed fat (Table I). Borgstrém (4) has reported an analogous mean 
value of 48.8 per cent which agrees closely with the mean of 47.6 per cent 
obtained in this study. If the lowered specific activity of the lipide re- 
covered from the intestine is explained by a secretion of body lipides into 
the tract, then the amount of diluting lipide can be calculated from the 
amount and activity of the lipides recovered. Based on this assumption, 


TaBLeE II 
Results from Methods Used for Determining Rate of Fat Absorption 
The per cent of fat absorbed was determined by two direct methods which in- 
volved the amount and activity of the fat ingested and recovered. Three relative 
or indirect methods (chylomicron counts, blood fat activity, and CO, activity) were 
also employed. 
































| Direct methods Indirect methods 
Fed lipide absorbed Area under curves, 1-4 hrs. 
Rat No. |__________. 2 ; e 
Alimentary tract | 
ate in CO;, Chylo- | Blood fat [Labeled COs 
| at, tissues* | activity exhale 
Cori | Activity | counts? Fr | 
} | a eo A Se. 
per cent | per cent 3 oer cent | 
1 40.3 |; 61.0 | 651.1 
2 42.2 74.2 46.2 365 336 331 
3 28.5 69.7 37.7 222 245 231 
4 19.6 66.7 51.2 375 378 401 
5 17.8 63.8 
—_—_——_— — — os Sn a — —— —$————————_—_  — — _ —_—_—__—— — aes) qe 
} | | | 
Average......... | 29.7 | 67.1 46.6 | 321 | 320 321 


) 


* In per cent of total C“ fed. This did not include the total activity of the blood, 
which was not calculated since total blood volume could only be estimated. The 
carcass activity was corrected for mechanical loss. 

+ Average of counts of chylomicrons in 15 squares of micrometer. 

¢ Average of relative blood activities X 36.5. 

§ Average of relative CO, activities X 59. 





the calculated amounts secreted varied from 21 to 47 per cent of the 
amount fed. 

In Table II the results of the direct methods are expressed in percentages 
of the lipide and activity ingested, and are listed along with those of some 
indirect methods for determining the rate of fat absorption. For greater 
ease in comparison, the latter values, which are only relative ones, have 
been multiplied by constants which make their averages approximately 
equal to the average of the chylomicron counts for 15 squares of the microm- 
eter used. Also included in Table II are the percentages of the total 
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activity fed which were recovered from the respiratory COs, extracted 
lipides, and tissues of each rat. 

Two facts are evident from these data (Table II). First, although a 
complete recovery of activity from the animal was not attempted, the sum- 
mations of these activities are incompatible with the absorption data based 
on recovery of the unabsorbed lipide from the intestinal tract. Secondly, 
the amount of absorption of the labeled fat is 1.5 to 3.5 times that indicated 
by the recovery of total lipides from the intestinal tract. The results in 
percentages are also considerably more variable by the latter method, even 
though the variations are within the range of those reported by Irwin and 
coworkers. Hence, it appears that these two methods may not be measur- 
ing the same phenomena or, if so, at least one of them is inaccurate in its 
measurement. The markedly slower rate of absorption, as determined 
by the generally accepted recovery method, might be accounted for in 
either of two ways: (1) A selective or more rapid absorption of the labeled 
free palmitic acid would give a false measure of the rate of absorption of 
the lipide mixture ingested and explain the lack of agreement of the two 
methods used. (2) Secretion of lipide into the alimentary tract during 
the absorptive period could account for the dilution of the lipide recovered 
and the results ob ts ined. 

Bergstrém and coworkers (9) have reported that an examination of the 
chyle indicates a more rapid absorption of the labeled free fatty acid when 
fed dissolved in corn oil. However, the absorption rate was found to be 
the same for the labeled fatty acids, both free and incorporated into glyc- 
erides, when measured by recovery from the alimentary tract or by the 
CO, expired. Also, the finding of a considerable amount of the labeled 
acid fed in an esterified form in the lipides recovered from the intestine 
(4, 10) indicates that not all of the labeled free acid was rapidly absorbed 
as fatty acid. Thus, part of this evidence does not appear to support the 
contention that the free fatty acid is preferentially absorbed. 

In the present study, the mean activities of the blood and the expired 
CO. (Fig. 1) are in good agreement with the chylomicron counts. These 
curves, as well as the previously reported (6) individual curves depicting 
the rate of change of the level of particulate blood fat and its activity, al- 
most parallel each other and give no indication that one part of the ingested 
lipide is preferentially absorbed. If there had been a more rapid absorp- 
tion of the labeled fatty acids, it seems unlikely that the chylomicron and 
activity curves would have paralleled each other during the absorptive 
period. Furthermore, if a selective absorption were taking place, it would 
be expected that in the later periods the slope of the COs activity curve 
would decrease. This change should occur prior to a decrease in chylo- 
micron count. It did not occur, at least within the first 4 hours after fat 
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ingestion (Fig. 1). These data would seem to agree better with the inter- 
pretation that an appreciable amount of lipide is secreted into the ali- 
mentary tract during the period of fat absorption. The hypothesis of 
secretion into the tract need not entail the concept of total loss of this fat 
from the body. It may represent a process in which a major part of the 
lipide secreted is reabsorbed and only the remaining portion excreted. 
Sperry and Angevine (11) in much earlier work were able to report that 
there was a greater secretion of lipide into the ileum than could be recovered 
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Fig. 1. Changes in the mean values of chylomicron counts and radioactivities of 
the blood and expired CO: after ingestion of labeled lipide. Curve 1, chylomicron 
counts per 15 squares; Curve 2, relative CO, activity in c.p.m. X 56; Curve 3, relative 
blood activity in ¢.p.m. X 28. 


from the colon. These authors concluded that their results “indicate 
that relatively large amounts of lipids are secreted into the small intestine,” 
and that “A considerable portion of this secretion is reabsorbed.” 

However, neither the possibility of selective fatty acid absorption nor 
the secretion of endogenous lipide can be ruled out on the basis of the 
present data. Further studies on this point are in progress. 

Earlier studies from this laboratory (6, 8) have demonstrated that chylo- 
micron counts and areas under the curves from them may serve as satis- 
factory relative measures of the absorbed fat in the blood. If this is true, 
these curves should be useful as a measure of the rate of fat absorption 
and utilization in spite of factors other than absorption affecting the con- 
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centration of fat in the blood. The results from the three indirect methods 
(Table II) suggest that a direct relationship exists; all gave the same rela- 
tive values. The same relationship is also seen in Fig. 1. This would 
indicate that all three measurements reflect lipide absorption in spite of 
the fact that different phenomena are being measured. The findings on 
expired CO, are in accord with those of other investigators (9, 12), who 
have reported that the amount of isotope expired is directly related to the 
amount of the fatty acid absorbed. A direct relationship also seems to 
exist between these three relative values and the amount of labeled fat 
which was recovered from the tissues, organs, and expired CO.. The 
results of the indirect methods do not indicate close agreement with those 
given by either of the direct procedures, but appear to be more in accord 
with the absorption values based on activity. 


SUMMARY 


Carboxyl-labeled palmitic acid dissolved in olive oil was fed to rats, and 
the absorption of the lipide was followed by a number of direct and in- 
direct methods. 

The lipide recovered from the alimentary tract had considerably less 
activity per mg. than the fed fat. The amounts of absorption based on 
the disappearance of activity from the tract were not in agreement with 
amounts determined by a modified Cori technique. It is suggested that 
the basis of this discrepancy may be either (1) a selective absorption of 
the labeled fatty acid or (2) a secretion of endogenous lipide into the tract 
during the absorptive period. 

Indirect methods for measuring fat absorption based on the CO: expired, 
blood activity, chylomicrograph, and a recovery from the tissues were 
studied. In the three animals in which comparisons were made, these 
relative measures were found to be in agreement. Thus, it would appear 
that all of these methods reflect the rate of absorption of the fat fed. 
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THE EFFECT OF PHYSICAL ENVIRONMENT AND 
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Several pathological conditions in man are characterized by the storage 
of large amounts of iron and other trace metals in the liver (1-3). To gain 
understanding of the nature of these trace metal storage abnormalities, we 
have turned our attention to the biochemical mechanisms involved in the 
accumulation and loss of iron by liver slices. 

Iron metabolism has received much attention in the past, as evidenced 
by several excellent reviews (4,5). Research in the field has, however, been 
centered either on the metabolism of radioiron administered in vivo (6, 7), 
or on the in vitro properties of the ferritin-apoferritin system (8,9). Little 
attention has been given to the study of iron metabolism at the organ 
level. Groen ef al. (10) investigated the rate of loss of iron from isolated 
rat gut loops as affected by various factors. They found an increased ab- 
sorption at low pH values. 

We have studied the influence of physical and chemical factors on the 
accumulation of iron by rat liver slices. This paper concerns the effects of 
incubation time, pH, iron concentration, leaching, ion exchange, and tem- 
perature on the rate of accumulation and loss of iron by such slices. A 


second paper (11) will report the effects of various chemical conditions on 
these processes. 


Materials and Methods 


Male rats, 200 to 300 gm., were sacrificed by decapitation. The livers 
were immediately removed and placed in chilled Krebs-Ringer solution 
(12), and slices were prepared with the conventional Stadie-Riggs micro- 
tome. The slices were pooled and washed three times with the chilled 
Krebs-Ringer solution. Tissue was blotted with filter paper, and aliquots 
of 60 to 100 mg. (wet weight) were placed in chilled 20 ml. beakers con- 
taining the reaction mixture. 

Iron was supplied as the ferric ammonium citrate complex (13) adjusted 
to the concentration desired with the Krebs-Ringer solution. Because of 
the low solubility of the hydroxides of iron in the pH range of these experi- 
ments, we were unable to use either free ferric ion or ferrous ion. Radio- 
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active Fe®? was obtained from the Oak Ridge National Laboratory as 
FeCl; in 1 N HCl. An aliquot of the Fe®® solution sufficient to provide a 
final activity of about 5000 c.p.m. per 0.1 ml. of reaction solution was neu- 
tralized and added to the reaction solution in those experiments in which 
radioactivity was followed. 

The total volume of the reaction mixture was 3.0 ml. of the Krebs- 
Ringer solution, pH 7.4, in which was dissolved the ferric ammonium cit- 
rate, the Fe®®, and any other compound under study. The slices were 
incubated in a Dubnoff metabolic shaking incubator. Temperature, unless 
otherwise stated, was 37°; the rate of shaking was 80 cycles per minute. 
Slices were preincubated for 30 minutes in non-radioactive iron under the 
test conditions, then transferred to similar solutions containing the radio- 
iron. At the end of the second 30 minute incubation period, the tissues 
were removed, washed three times with chilled Krebs-Ringer solution, and 
digested wet with 1.0 ml. of H,SO.-HNO; (1:1 of the concentrated acids) 
under a reflux. The refluxing was found necessary to obtain reproduci- 
bility in the iron determination (14). No peroxide was needed to complete 
the digestion. Total iron was determined colorimetrically by a modifica- 
tion of the thiocyanate method (15). The colored complex was extracted 
into the isoamy] alcohol to intensify the color, and optical density deter- 
mined at 540 my in a Klett-Summerson colorimeter. Total iron values 
were corrected to 100 mg., wet weight, of tissue. 

Radioactivity was determined on a 0.1 ml. aliquot of the isoamy] al- 
cohol extract with a conventional end window Geiger-Miiller tube. Ac- 
tivity was corrected to 100 mg. of wet weight. In all the experiments, each 
condition was run in triplicate; the data are expressed as the average of the 
three values. 

In experiments where the rate of efflux of iron from tissues was studied, 
Fe®® in the presence of carrier ferric ammonium citrate in Krebs-Ringer 
solution was allowed to accumulate in the slices during the preincubation 
period. Tissues were then transferred to beakers containing 3.0 ml. of 
Krebs-Ringer solution containing 30 y per ml. of non-radioactive iron. 
When the effect of inhibitors on the efflux was studied, the inhibitor was 
added after the preincubation in the non-radioactive solution. At speci- 
fied intervals, 0.1 ml. of the external solution was withdrawn and placed 
on a planchet for radioactivity determination. 

An alternative method for the study of the efflux consisted in removing 
the slices from radioiron and continuing the incubation in non-radioactive 
iron solutions. At suitable intervals, the tissue was digested and the total 
iron and radioactivity determinations were made as described above for 
the uptake experiments. 
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Results 


Accumulation of Iron As Function of Time—Tissues were placed directly 
into beakers containing 30 y of iron per ml. with an activity of 8000 c.p.m. 
per 0.1 ml. of Fe®®. At the times indicated on Fig. 1, tissues were removed 
for determination of total iron and of radioactivity. As can be seen in 
Fig. 1, the rate of accumulation of total iron and of radioiron is equal. 
This indicates that exchange does not play a dominant réle in the accumu- 
lation process. The total duration of incubation in subsequent experi- 
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Fie. 1. Accumulation of iron as a function of time. Rat liver slices were incu- 
bated in 3.0 ml. of Krebs-Ringer carbonate solution, pH 7.4, containing 30 y of iron 
per ml. as ferric ammonium citrate with 50,000 c.p.m. per ml. of Fe®, in an atmos- 
phere of 95 per cent O2-5 per cent COz, in a Dubnoff shaking incubator at 37°. At 
various time intervals, the slices were removed, washed, and digested in HNO;- 
H.SO,. Total iron concentration was measured by the thiocyanate procedure. Ali- 
quots of digest were assayed for radioactivity. 


ments was 1 hour, since the rate of uptake of iron seemed relatively constant 
during this period. 

Contribution of Exchange to Accumulation—Investigators in the field of 
ion accumulation have pointed out the necessity to differentiate between 
net accumulation and exchange (16, 17). The rates of these distinct proc- 
esses can be determined by the techniques of Epstein and Leggett (17). 
After given periods of accumulation in radioiron (in this experiment, 60 and 
180 minutes), a series of slices was removed to a non-radioactive iron 
medium. At intervals thereafter, the tissues were assayed for total and 
for radioiron. Fig. 2 illustrates the results of such an experiment. The 
shape of the efflux curves indicates that, if exchange is involved, it occurs 
at a very low rate. Exchange phenomena encountered in the metabolism 
of K+, Ca++, Sr++, and other ions are extremely rapid (17, 16). 
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That some ion exchange takes place with liver tissue is evident from the 
data in Fig. 3. The rate of efflux of radioiron from slices was measured in 
the presence of various concentrations of iron in the medium. Iron loss 
was more rapid in the presence of the unlabeled iron than in its absence. 

Effect of Leaching Tissue—A series of slices was permitted to incubate 
in an iron-free Krebs-Ringer solution for 1 hour. They were then trans- 
ferred to an iron medium and permitted to accumulate iron for various 
periods of time. The results are apparent in Fig. 4. Iron is rapidly lost 
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Fig. 2. The rate of efflux of radioiron from rat liver slices. Rat liver slices were 





incubated in 3.0 ml. of Krebs-Ringer carbonate solution, pH 7.4, containing 30 y of © 








iron per ml. as ferric ammonium citrate with 50,000 c.p.m. per ml. of Fe®, in an at- | 


mosphere of 95 per cent 02-5 per cent CO2, in a Dubnoff shaking incubator at 37° (@). 
At 60 and at 180 minutes, a series of the slices was removed to 3.0 ml. of Krebs-Ringer 


ane 


solution containing 30 y of iron per ml. as ferric ammonium citrate without radio- 
iron (O). Other slices were permitted to continue the accumulation of radioiron. | 


At intervals during the course of the uptake and the efflux, the tissue was removed, 


washed, and digested. Radioactivity was determined on an aliquot of the digest. | 


by the slices, a minimal level being reached in about 15 minutes. When the 
tissue is permitted to accumulate iron, the rate of uptake of the material 
by the leached tissue is nearly identical to that of the non-leached tissues. 
The final concentration of iron accumulated by the leached slices is not as 
high as that of the control, at least during a 5 hour incubation. 

Effect of Iron Concentration—Liver slices were preincubated 30 minutes 
in Krebs-Ringer solution containing various concentrations of non-radio- 
active ferric ammonium citrate, then transferred to radioactive medium at 
the same iron concentration. The radioactivity in the medium was directly 
proportional to the iron concentration. Fe®® was allowed to accumulate 
for 30 minutes. The relationship between concentration of iron and the 
initial rate of accumulation shown in Fig. 5 is clearly a hyperbolic one, and 
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therefore involves a saturation phenomenon. Analysis of the data by 
the method of Lineweaver and Burk (18, 19) yields a K,» for iron of 
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Fig. 3. Effect of iron concentration on the rate of efflux of radioiron from rat liver 
slices. Rat liver slices were preincubated for 1 hour in 3.0 ml. of Krebs-Ringer car- 
bonate solution containing 30 y of iron per ml. of ferric ammonium citrate and 30,000 
c.p.m. per ml. of Fe®*, pH 7.4, 37°. The slices were washed with cold Krebs-Ringer 
solution and placed in 3.0 ml. of Krebs-Ringer solution containing the concentrations 
of iron as ferric ammonium citrate indicated. At various intervals, 0.1 ml. aliquots 
of the media were assayed for radioactivity. 
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Fic. 4. The effect of leaching the tissue. Avseries of rat liver slices was incubated 
for 60 minutes in 3.0 ml. of Krebs-Ringer carbonate solution in the absence of iron, 
pH 7.4, 37°. At 15 minute intervals during this time, slices were removed, washed, 
digested, and assayed for total iron by the thiocyanate method. After 60 minutes 
of leaching, the remaining slices were placed in a Krebs-Ringer solution contain- 
ing 30 y of iron per ml. as ferric ammonium citrate and were permitted to accumu- 
late iron. Simultaneously, a series of slices was allowed to accumulate iron without 
the leaching process. The broken line represents the period of leaching. 
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Fia. 5. Effect of iron concentration on the uptake of iron by rat liver slices. Rat 
liver slices were preincubated for 30 minutes at 37° under 95 per cent O2-5 per cent COz 
in 3.0 ml. of Krebs-Ringer carbonate solution containing various concentrations of 
iron as ferric ammonium citrate. The slices were then transferred to similar solu- 
tions containing radioiron. The concentration of Fe®® was directly proportional to 
the iron concentration (100 y of iron per ml. = 50,000 c.p.m. per ml.). After 30 
minutes, the tissue was removed, washed, and digested. Radioactivity was deter- 
mined on an aliquot of the digest. Analysis of the data by the method of Lineweaver 
and Burk (18) is presented on the right. 
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Fic. 6. The effect of temperature on the uptake of iron by rat liver slices. Rat 
liver slices were preincubated for 30 minutes in a Krebs-Ringer phosphate solution 
containing 30 y of iron per ml. as ferric ammonium citrate, pH 7.4, at various tem- 
peratures. The slices were transferred to the Krebs-Ringer solution containing 
50,000 c.p.m. per ml. of Fe5®, as well as 30 y of iron per ml., and the incubation con- 
tinued for 30 minutes, at the same temperature as the preincubation. The tissues 
were removed, washed, digested, and the total iron was determined by the thiocy- 
anate procedure. An aliquot of the digest was assayed for radioactivity. 
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6.3 X 10-5 mu. This has the physical significance of indicating the con- 
centration of iron needed to elicit the half maximal rate of accumulation. 


TaBLeE I 
Effect of Pretreatment with High Temperature on Iron Accumulation by Liver Slices 


Two groups of liver slices were preincubated for 30 minutes, one at 37°, the other 
at 53°, in the presence of 30 y per ml. of ferric ammonium citrate in 3.0 ml. of the 
Krebs-Ringer phosphate solution, pH 7.4. They were then transferred to beakers 
containing 30 y of iron per ml. as ferric ammonium citrate and 50,000 c.p.m. per ml. 
of Fe®®, and incubated for 30 minutes at 37°. The slices were removed, washed, and 
digested. Total iron concentration was measured by the thiocyanate procedure. 
Radioactivity was measured on an aliquot of the digest. 
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Fic. 7. Effect of pH on the uptake of iron by rat liver slices. Rat liver slices 
were incubated for 1 hour in 3.0 ml. of Krebs-Ringer phosphate solution, adjusted to 
the hydrogen ion concentration indicated in the figure. The concentration of iron in 
the media was 30 y per ml. as ferric ammonium citrate. The slices were removed, 
washed, and digested. Total iron was determined by the thiocyanate procedure. 


Effect of Temperature—The temperature optimum for the accumulation 
of iron was found to be 53°, as determined by a 30 minute preincubation 
in non-radioiron, followed by a 30 minute incubation with radioiron at a 
series of different temperatures. It can be seen in Fig. 6 that at all tem- 
peratures the uptake of total iron parallels that of radioiron. 
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To determine whether the iron-accumulating system may be influenced 
by pretreatment with high temperature, slices were preincubated with 
non-radioiron at 53°, then transferred to a solution containing Fe*®® and 
incubated for 30 minutes at 37°. Control slices were preincubated at 37°. 
The data in Table I demonstrate that pretreatment at the higher tem- 
perature not only accelerates the rate of subsequent iron accumulation, but 
also increases the total amount of iron taken up by the liver slices. 

Effect of pH—The effect of pH on the uptake of iron by liver slices is 
evident in Fig. 7. Krebs-Ringer phosphate buffer was adjusted to the 
desired pH prior to incubation, and the pH was again tested at the con- 
clusion of the incubation to be certain that no change in pH had taken 
place. At no concentration of H* could the processes of the net uptake of 
iron be separated from ion exchange. 

DISCUSSION 

The experiments presented indicate that at least three processes are 
operative in the accumulation of iron by rat liver slices: (1) the passive 
diffusion of iron through the membrane of the cell, (2) the binding of iron 
to some entity within the cell in such a way as to remove effectively the 
iron from ionic equilibria, and (3) the participation of specific sites either 
for the passage of iron through the membrane or for the complex formation 
of the iron on the iron-receptive entity prior to the actual binding. 

Iron is accumulated against an apparent concentration gradient. As 
apparent in Fig. 1, iron is removed from the medium at a concentration of 
30 y per ml. into the liver slice, which may contain iron at a concentration 
as great as 200 y per ml. It will be observed in the following paper, how- 
ever, that this process does not require metabolic energy. Therefore, iron 
must exist as a complex in some fashion within the liver cells. The time- 
course of iron uptake (Fig. 1) approaches a maximal level. After this 
level has been reached, there is no further exchange or accumulation of 
iron. We consider this maximal level to be a function of the concentration 
of the iron-binding entity within the cell. 

The participation of an iron-binding entity is also suggested by the 
leaching experiments. After slices have been permitted to lose endogenous 
iron, they are no longer able, when subsequently exposed to iron, to ac- 
cumulate as much as the non-leached slices. It has been demonstrated 
that, under conditions of shock, ferritin is rapidly and irreversibly lost by 
the liver (20). Other properties of the ferritin-apoferritin system suggest 
that this protein might well be the iron-binding entity. 

There are two effects of temperature on the accumulation process. Not 
only is the initial rate of accumulation greater at higher temperatures, but 
also the final concentration of iron accumulated by the tissue is increased 








sev 
the 
of t 
seer 
enti 
pert 
pert 
T 
med 
thro 
(2) 
inco 
(Kin 
accu 


R 
exog 

Tl 
in 01 
indic 
pass’ 
an il 
entit 
that 
temr 
both 
a ney 


Th 
Ange 
stitut 
cours 
Socie 
missi 
their 


1. Bi 


2. KI 





P. SALTMAN, R. D. FISKIN, AND 8. B. BELLINGER 749 


several-fold at higher temperatures. This indicates either an increase in 
the absolute amount of iron-binding entity or an increase in the capacity 
of the entity to bind iron. The short duration of the experiments would 
seem to preclude the possibility of synthesis of significant amounts of the 
entity. The persistence of the temperature effect might be attributed to a 
permanent change in the configuration of the entity or to an increased 
permeability of the membrane or to both factors simultaneously. 

The kinetic study of the uptake as a function of iron concentration in the 
medium can be interpreted in two ways: (1) The diffusion of the iron 
through the membrane takes place at a specific site on the membrane. 
(2) The iron must be bound to a specific site on the entity prior to its 
incorporation into the entity. The high affinity of the iron for the site 
(K,, = 6 X 10-° m) implies that the binding of iron to the site involved in 
accumulation is a highly exergonic reaction. 


SUMMARY 


Rat liver slices in Krebs-Ringer solution have the ability to accumulate 
exogenous iron against an apparent concentration gradient. 

The accumulation process has been studied under a variety of conditions 
in order to elucidate the biochemical mechanisms involved. The results 
indicate that iron passes through the cell membrane in both directions by a 
passive process. Once inside the cell, the iron is bound in some manner to 
an iron-binding entity. A specific site, either on the membrane or on the 
entity, is involved in the transport and accumulation. It is suggested 
that this entity might well be ferritin. The effect of time of incubation, 
temperature, leaching, pH, and iron concentration has been investigated on 
both the efflux and the uptake of iron by liver slices. Ion exchange plays 
a negligible réle in this system. 
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stitute of Technology for the helpful suggestions and advice during the 
course of this work. This research was supported by the American Cancer 
Society, California Division, and by the United States Atomic Energy Com- 
mission. We are grateful to the Allan Hancock Foundation for the use of 
their facilities during this investigation. 


BIBLIOGRAPHY 


1. Butt, E. M., Nusbaum, R. E., Gilmour, T. C., and DiDio, 8. L., Am. J. Clin. 
Path., 24, 385 (1954). 

2. Kleckner, M.S., Jr., Kark, R. M., Baker, L. A., Chapman, A. Z., Kaplan, E., 
and Moore, T. J., J. Am. Med. Assn., 157, 1471 (1955). 

3. Strassmann, G. §., Am. J. Clin. Path., 24, 453 (1954). 








or 


~I 


12. 


13. 
. Middleton, G., and Stuckey, R. E., Analyst, 79, 138 (1954). 
15. 


16. 
. Epstein, E., and Leggett, J. E., Am. J. Bot., 41, 785 (1954). 
18. 
19. 
20. 










































750 METABOLISM OF IRON BY LIVER SLICES 


. Granick, 8., Chem. Rev., 38, 379 (1946). 
. Handbook of nutrition, Philadelphia, 2nd edition, 89 (1951). 
3. Theorell, H., Béznak, M., Bonnichsen, R., Paul, K. G., and Akeson, A., Acta 


chem. Scand., 5, 445 (1951). 


. Finch, C. A., Gibson, J. G., II, Peacock, W. C., and Fluharty, R. G., Blood, 4, 


905 (1949). 


. Granick, 8., Physiol. Rev., 31, 489 (1951). 
9. 
10. 


Mazur, A., Baez, S., and Shorr, E., J. Biol. Chem., 213, 147 (1955). 
Groen, J., Van Den Broek, W. A., and Veldman, H., Biochim. et biophys. acta, 1, 
315 (1947). 


. Saltman, P., Fiskin, R. D., Bellinger, S. B., and Alex, T., J. Biol. Chem., 220, 


751 (1956). 

Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric techniques and 
tissue metabolism, Minneapolis, 119 (1949). 

Granick, S., and Hahn, P. F., J. Biol. Chem., 155, 661 (1944). 


Sandell, E. B., Colorimetric determination of traces of metals, New York, 2nd 
edition, 363 (1950). 
Krebs, H. A., Eggleston, L. V., and Terner, C., Biochem. J., 48, 530 (1951). 


Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 
Epstein, E., and Hagen, C. E., Plant Physiol., 27, 457 (1952). 
Mazur, A., and Shorr, E., J. Biol. Chem., 176, 771 (1948). 











In 
envi 
of in 
upta 

Be 
atte 
iron 
et al. 
effec 
tulat 
that 
Vari 
influ 
gests 
rats 
trans 
foun 
of ra 
orgal 
loops 
only 

It 
iron 
led t} 
port 
ferrit 
plicat 
howe 

Th 
studi 
amou 
Furth 


THE METABOLISM OF IRON BY RAT LIVER SLICES 
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| In the preceding paper (1) we have described the effect of the physical 
| environment on the accumulation of iron by rat liver slices. It seemed 
of interest to investigate the effect of various chemical agents on both the 
uptake and the efflux of iron from liver tissue. 

Because of the wide-spread use of iron as a therapeutic agent, much 
attention has been given to the factors which influence the uptake of dietary 
iron by the gut (2-4). The experiments of Moore et al. (5) and Hahn 
et al. (6) demonstrated that, in human subjects, ferrous sulfate was a more 
effective source of iron than ferric sulfate. From these findings they pos- 
tulate that iron passes the gut wall as the ferrous ion. It was found (2) 
that high levels of ascorbic acid in the diet promote the uptake of iron. 
Various foodstuffs which affect the oxidation-reduction equilibrium of iron 
influence the amount of iron absorbed by the gut in a manner which sug- 
gests that the divalent form of the metal is transported (7). In dogs and 
rats (5, 6,8), however, ferric and ferrous iron seem equally available for 
transport. This latter evidence is not supported by Groen et al. (9), who 
found that the uptake of iron from isolated gut loops of the small intestine 
of rats is stimulated by ascorbic acid, cysteine, and glutathione. Several 
organic and amino acids also accelerated the accumulation from the gut 
loops. These results were interpreted as support for the hypothesis that 
only the ferrous iron is transported. 

It has been demonstrated by Granick (10) that high levels of dietary 
iron increase the ferritin content of the gut mucosal cells. This evidence 
led this investigator to postulate that ferritin plays a key réle in the trans- 
port of iron across the mucosa. Recent evidence (11, 12) indicates that 
ferritin synthesis is induced by iron. These findings do not perforce im- 
plicate ferritin in the mechanism of iron transport and accumulation, 
however. 

The chemistry of iron binding by isolated ferritin has been extensively 
studied by Mazur e/ al. (13). Their work has demonstrated that a small 
amount of iron in the ferrous state is always associated with the protein. 
Further, protein sulfhydryl groups are essential in the conversion of ferric 
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iron, bound in a miceller form in the ferritin, to the ferrous ion, which is 
dissociable. Sulfhydryl blocking agents abolish the ability of the system 
to mobilize the bound iron. 

Evidence will be presented to show that the chemical agents, which 
effect the release of iron from isolated ferritin, have a direct and related 
effect upon the accumulation of iron by rat liver slices. These results 
directly implicate ferritin in the mechanism for iron uptake by liver cells 
and indicate that ferritin might well be the iron-binding entity described 
in the preceding paper (1). 


Methods 


The procedures for determining the uptake and efflux of iron have been 
described in the preceding paper (1). All chemical agents tested were 
dissolved in a Krebs-Ringer solution and were adjusted to the desired pH 
before use. The concentration of iron in all uptake experiments was 30 7 
per ml. 


Results 


The following agents have no influence on either the accumulation or 
the efflux of iron in rat liver slices: NaCN (107? m), NaN; (10-* m), and 
2 ,4-dinitrophenol (10-* m). Since these agents are known to block effec- 
tively the utilization of respiratory energy, it would thus appear that there 
is no energy requirement for iron accumulation. 

Anaerobiosis—The rate of accumulation of iron is identical when liver 
slices are incubated under an atmosphere of 95 per cent oxygen-5 per cent 
COz, air, or 95 per cent N»-5 per cent COs. This substantiates the evidence 
presented above that respiration is not linked directly to iron accumula- 
tion. Fig. 1, however, shows the stimulation of the efflux under anaerobic 
conditions. 

Agents Affecting Sulfhydryl Groups—A series of compounds was assayed 
for their influence on iron metabolism in liver slices. The results are pre- 
sented in Table I. The negligible effect of iodoacetamide and iodoacetic 
acid could be attributed to the poor permeation of these compounds. 
p-Chloromercuribenzoic acid not only increases the total amount of iron 
accumulated, but also the rate at which the uptake proceeds. There is 
no appreciable effect of the —SH blocking agents on the efflux of iron from 
the slices. Compounds which contain —SH groups, cysteine, glutathione, 
and BAL (2,3-dimercaptopropanol) are effective inhibitors of the accumu- 
lation of iron, but do not influence the rate of loss of iron from the slices. 

Effect of Various Substrates on Iron Metabolism—The following com- 
pounds exhibit no effect on either the accumulation or loss of iron from 
liver slices: sucrose (10? m), glucose (10-? m), fructose (10-? m), glu- 
tamic acid (10-2 m), aspartic acid (10-? m), and glutamine (10~ m). 
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Fic. 1. The effect of anaerobiosis on the efflux of iron from rat liver slices. Rat 
liver slices were preincubated at 37° for 1 hour in 3.0 ml. of a Krebs-Ringer phosphate 
solution, pH 7.0, containing 30 y of iron per ml. as ferric ammonium citrate and 
50,000 c.p.m. per ml. of Fe5*. The slices were washed with a Krebs-Ringer solution 
and placed in 3.0 ml. of a Krebs-Ringer solution. One group of slices was incubated 
under an atmosphere of air, the other under 95 per cent N2-5 per cent COs. At vari- 
ous intervals, 0.1 ml. aliquots of the media were assayed for radioactivity. 


TaBLeE [| 


Effect of Agents Affecting Sulfhydryl Groups on Uptake of 
Tron by Rat Liver Slices 
Liver slices were preincubated for 30 minutes at 37° in 3.0 ml. of a Krebs-Ringer 
phosphate solution containing 30 y of iron per ml. as ferric ammonium citrate, and 
the compound was tested at the concentration indicated. The slices were trans- 
ferred to similar Krebs-Ringer solutions containing 50,000 c.p.m. of Fe®® as well as 
the 30 y of iron as ferric ammonium citrate, and incubated for another 30 minutes. 
The tissues were removed, washed, and digested. Total iron concentration was 


measured by the thiocyanate procedure. Radioactivity was measured on an aliquot 
of the digest. 




















: Micrograms of C.p.m. per 1.33 
Compound | Concentration | pk dane | mg., tissue 

ae nals - Pe ee ee 

ae | 
ee a Mae ee | 15.7 | 115 
p-Chloromercuribenzoic acid............... 10-3 27.7 244 
p-Chloromercuripheny] sulfonic acid........| 1073 21.5 163 
lodoacetic acid.... se Sead van tohioed or 16.6 111 
Iodoacetamide . a ee ee es | 10-3 | 16.5 114 
Cysteine. .. an | 5X 10-3 | 14.6 | 80 
Glutathione... BD Peres tis, Geen mF | 5X13 | 14.4 | 76 
MM es ose ees Cee ert Le eNeRE. «iS | 10-3 14.8 89 
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The activity of several organic acids, as well as sodium Versenate, on the 
accumulation of iron is presented in Table II. The depressed uptake in 


TaBLeE IIL 
Effect of Various Substrates on Iron Uptake by Rat Liver Slices 


The experimental conditions are the same as described in Table I. 




















Mi s of , 
Compound | Concentration Fe per 100 _.. “— nda 
| 
= 
MES SOIC Soot bv cushantnuindwnaues syeee 35.6 90 
OE OO OC oT eT eT 10-3 | 23.5 | 62 
| EEE a: Sea ee eee ere 10-3 | 32.1 71 
EE IEE 5 0nk fest deus ats esis eee 10-3 23.9 | 56 
I ec das ai onctieniaargusmsrs 10-3 | 22.5 | 53 
a-Ketoglutaric acid. .................... 5 xX 10-3 | 23.4 | 57 
ES ee eT ere 5 X 10-3 | 18.1 | 33 
Sodium Versenate....................... 10-3 | 18.0 | 29 
TaBLeE III 


Effect of Mn++ and Cu** on Uptake and Efflux of Iron by Rat Liver Slices 


Experimental conditions for uptake are as described in Table I. Efflux was meas- 
ured by preincubating rat liver slices for 1 hour in 3.0 ml. of Krebs-Ringer phosphate 
solution containing 30 y of iron per ml. as ferric ammonium citrate and 50,000 c.p.m. 
per ml., pH 7.4. The slices were washed and placed in 3.0 ml. of a Krebs-Ringer 
solution containing 30 y of iron per ml. as ferric ammonium citrate and the 
metal ion was studied. After 30 minutes of incubation, 37°, 0.1 ml. aliquots of the 
medium were assayed for radioactivity. 














Uptake | Efflux 

Condition = 

Micrograms of Fe per) C.p.m. per 1.33 C.p.m. per 0.1 ml. 

00 mg., tissue mg., tissue per 100 mg., tissue 
NR ee Die 562 onan 584555 Es | 23.5 287 462 
Gu? GM We w)..............-- 17.3 | 166 165 
Mn++ (5 X 10"? M)............... | 15.6 | 118 | 262 





the presence of organic acids might well be attributed to chelation of the 
iron, as in the case of sodium Versenate. 

Effect of Surface-Active Agents—In an attempt to destroy the integrity 
of the cellular membrane and thus to enhance the diffusion of iron, several 
surface-active agents were tested for their effect upon iron accumulation. 
No change in either the rate or the total amount accumulated is caused 
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by Tween 80! (0.01 per cent) or saponin (0.001 per cent). Aerosol? (0.01 
per cent) inhibits the uptake to a level of 65 per cent of the control. Freez- 
ing and thawing the slices several times prior to incubation with iron 
produced no change in the characteristics of iron metabolism. 

Effect of Other Metal Ions—The following ions have no effect on either 
the uptake or the loss of iron from rat liver slices: Pb++ (5 & 107% ), 
Cott (5 X 10-* m), Zn*+ (5 X 10 Mm), Ni** (5 & 10-* m), Mg** (5 X 10° 
mM), Cat* (5 X 107° m), Mot+ (5 X 10-* Mm). Table II] shows the inhibition 
of iron uptake, as well as of its efflux, by Cu++ and by Mn++. Of all the 
agents tested, only Cu*+*+ and Mn++ inhibit both processes. 


DISCUSSION 


The most widely accepted mechanism for iron metabolism is that of 
Granick (14). In this scheme for iron transport across gut mucosa, iron 
enters the membrane as Fe**, is oxidized to Fe***, and bound to apoferritin 
to form ferritin. At the mucosal capillary system, the iron is reduced to 
Fe** and is transferred to the iron-transporting protein, siderophilin, in 
the blood. There are two rate-limiting reactions proposed for the scheme: 
(1) the resistance of the membrane to penetration by the Fe**+, 7.e. the 
mucosal block, (2) the oxidation-reduction reaction, Fe++ <= Fet++ + e-. 

The evidence presented by Mazur et al. (13) supports the view that an 
oxidation-reduction reaction is involved in the reversible binding of iron 
by ferritin. This activity is directly controlled by the —SH groups of the 
ferritin. 

Disruption of the cell membrane, both with surface-active agents and by 
freezing and thawing, has no effect on iron metabolism, which indicates 
that in liver cells there is no limitation to the entrance of iron by the mem- 
brane. As further evidence for the absence of a membrane block, none of 
the conditions tested resulted in an increased rate of uptake of iron by the 
slices without increasing the total iron-binding capacity of the cells. 

The accumulation of ions by plant and animal cells against concentra- 
tion gradients is completely dependent upon metabolic energy (15, 16). 
The inhibition of respiration or the uncoupling of oxidative phosphoryla- 
tion abolishes the active transport of K+, Rbt, Sr++, Ca++, Mgt, Bat, as 
well as several anions tested (17-19). The accumulation of iron, however, 


1€ is not an active process. The inhibition studies clearly demonstrate that, 
despite the removal of iron from an external concentration of 30 y per ml. 

t y 

¥ 1 Polyoxyethylene sorbitan monooleate, Atlas Powder Company, Wilmington, 
Delaware. 

in. 2 N-Octadecyl disodium sulfosuccinate, American Cyanamid Chemical Corpo- 

ed ration, New York. 
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to a cellular concentration of 200 to 500 y per ml., no metabolic energy is 
required. This accumulation seems to be specific for iron. It would 
appear, then, that the iron is bound in a manner which effectively removes 
it from ionic equilibrium with the external environment. We have pro- 
posed in the preceding paper (1) the participation of an iron-binding 
entity in this process. The similar characteristics of iron metabolism in 
liver slices to those exhibited by isolated ferritin systems lead us to the 
conclusion that ferritin is, indeed, the iron-binding entity. The experi- 
ments in vitro of Mazur et al. (13) suggest that the following over-all oxi- 
dation-reduction mechanism is operative in the binding and release of iron 
by ferritin: Fe+* (dissociable) = Fe*** (bound). 

Sulfhydryl groups of the protein play a key rdle in this process. It has 
been shown that, when —SH groupsare blocked, the Fe+*+*+ (bound) cannot 
be mobilized to the dissociable form. Conversely, compounds containing 
—SH groups, such as cysteine and glutathione, enhanced the formation of 
dissociable ferrous ion. When the slices are incubated with —SH blocking 
agents, there is an increase in the rate of accumulation of iron. This 
would be expected if ferritin were the iron-binding entity. The inhibition 
of iron uptake by liver slices incubated with cysteine, glutathione, and BAL 
is further evidence that ferritin is the iron-binding entity. 


SUMMARY 


The effects of various chemical agents on the metabolism of iron by rat 
liver slices have been studied. 

The accumulation of iron against a concentration gradient does not 
appear to be an active process, since it is not affected by chemical agents 
which inhibit respiration or the utilization of metabolic energy. The iron 
seems to be accumulated by being bound to an entity within the cell. 

Conditions which disrupt the integrity of the cell membrane do not 
affect the iron metabolism. Thus, the participation of a rate-limiting reac- 
tion at the cell membrane seems doubtful. 

Those substances which block sulfhydryl groups stimulate both the rate 
of accumulation and the total amount of iron accumulated. Agents con- 
taining sulfhydryl groups inhibit the uptake of iron in the slices. The 
strikingly similar results observed with the ferritin and apoferritin systems 
in vitro directly implicate ferritin as the iron-binding entity. 
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Society, California Division, and by the United States Atomic Energy 
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The presence of compounds such as 8-ionone and A?-2-methylheptenone-6 
has a marked influence on the quantity and types of carotenoids synthe- 
sized by the mold Phycomyces blakesleeanus. As yet we have found no 
other mold in which similar effects may be observed on a comparable 
scale. 

Under conditions favorable to rapid growth, with fruiting occurring 
within 90 to 100 hours from the time of inoculation of the medium with 
spores, we normally find 8-carotene, together with low concentrations of 
phytofluene. A minute zone of lycopene is detectable on a chromatogram, 
but neurosporene and ¢-carotene are not found under 90 hours, and even 
then only in low concentrations in older cultures. 

The effects of 8-ionone and methylheptenone are independent (1). 
Ionone causes a marked increase in production of carotenoid confined en- 
tirely to an increase in 8-carotene. Methylheptenone causes no increase 
in total carotenoid. There is much less 6-carotene, 30 per cent or so of 
that synthesized by a control culture, and in its place are found phyto- 
fluene, ¢-carotene, and, to a minor extent, neurosporene. 

By effecting an increase in phytofluene and ¢-carotene formation, methy]- 
heptenone treatment permits attempting a rate study on the accumulation 
of these compounds in the mold. Such a study should yield additional 
evidence as to whether there is a sequential stepwise dehydrogenation of a 
hydrogenated Cy precursor in nature. 


EXPERIMENTAL 


In the first set of experiments, three media were used. All contained 
glucose at a 2.5 per cent level. The first, in addition to the glucose, con- 
tained 0.3 per cent yeast autolysate. The second was Difco carbon base 
(the Wickerham medium) with 0.25 per cent asparagine. The third and 
most restricted set contained 0.125 per cent asparagine, 0.125 per cent 
leucine, thiamine, and inorganic salts. 

Culture conditions have been previously described (1). Twenty-five 
Petri dishes were taken for each culture medium (75 in all) and inoculated 
with 1 ml. of a previously prepared spore suspension. 51 hours after 


* Presented at Section V, Third Biochemical Congress, Brussels, August, 1955. 
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inoculation, fifteen of each series were treated with 0.02 ml. of methyl- 
heptenone, added by micro pipette. Treated cultures were harvested in 
batches of five after 67, 86, and 124 hours from the time of inoculation. 
Control cultures were harvested, also five at a time, at 67 and 124 hours. 

Dry weights were determined by lyophilization of the mycelial mats, 
and the carotenoids were extracted and chromatographed as before (1). 

In computing yields, we have retained figures used previously, although 
some revisions are desirable, particularly in the phytofluene constants as 
shown by the work of Wallace and Porter (2) and of Koe and Zechmeister 
(3). As we are not yet in a position to offer a precise value for the second 
¢-component observed by Goodwin and Osman (4), we feel this problem 
may be temporarily deferred. 


Results 


As shown in the dry weights, Table I, 67 hours from the time of inocula- 
tion with spores, the yields for control Wickerham and restricted media 
are 85 and 77.5 per cent of that for the yeast autolysate. The adverse 
effect of the heptenone on growth is also minimized for the most complete 
medium, 84 per cent versus 73 and 67 per cent, respectively, for the other 
two. This is of interest because of the effect on the carotenoid concentra- 
tion. Cultures from all three media have synthesized approximately the 
same amount of total carotenoid, but the concentrations differ materially. 
Furthermore, on the yeast autolysate, carotenoid production proceeds at a 
lower rate. In Table II are summarized the rates at which phytofluene, 
¢-carotene, and 6-carotene accumulate. It is noticeable that, when the 
medium is most favorable for rapid growth (yeast autolysate), there is 
least change in the rates as the culture ages. When the medium is less 
favorable, the change is visibly noticeable. The early cultures are pale 
yellow, the later ones orange, as 6-carotene production outstrips that of 
the less colored components. 

In a second experiment, prolonged to 161 hours, with the use of the Wick- 
erham medium, measurements were made for samples withdrawn at 66, 90, 
138, and 161 hours. In this case, neurosporene data were included. The 
results are presented in Table III. 

In this experiment conducted in the summer, there was more vigorous 
growth, and the methylheptenone could safely be applied somewhat earlier. 
We have tended whenever practicable to permit cultures to grow at ambient 
room temperature, to avoid contamination of incubators with ionone or 
heptenone. Because of the more favorable growth, the effect on the 
carotenoids is lessened. From Table I, one may calculate ratios of 8-caro- 
tene to the hydrogenated lycopenes (phytofluene and £-carotene) as low as 
0.28. These rise with time to about unity. In the second experiment, 
8-carotene production is interfered with less. Consequently the ratio of 











TI 


W 


R 





Wicker 
Tim 











TABLE | 
Yields of Mycelium and Carotenoid during Early Stages of Growth 
(67 Hours from Time of Inoculation of Media) 





















































Carotenoid 
Medium Dry weight) eta Sea Total 
¢-Carotene cone | 
ii -~ ’ v | v = ae | F -. ¥v pm a, 
Yeast autolysate Treated* 0.323 22 | 12 34 68 210 
Control 0.385 3 Trace 71 | 74 | 198 
Wickerham Treated 0.242 | 35 | 31 28 | 94° | 388 
Control 0.328 6 | Trace | 56 62 | 189 
Restricted Treated 0.200 36 26 | 17 79 395 
Control 0.299 5 Trace | 59 | 64 213 
* 0.02 ml. of methylheptenone. eat oe 7 
TABLE II 
Rates of Accumulation of Carotenoid 
The values are given in micrograms per gm. of dry mycelium per hour. 
pie ee sinetty ER Senacecte. sdemnciet nar. scelantinn. saad 
Heptenone-treated Control 
Medium _ ; - 
67-86 hrs. | 86-124 hrs. 67-124 hrs. 
Yeast autolysate Phytofluene | 2.7 2.3 0.4 
¢-Carotene 1.3 2.5 0.2 
8-Carotene (2.0)* 2.0 8.5 
Wickerham Phytofluene 3.3 4.7 0.6 
¢-Carotene 4.6 2.6 0.4 
6-Carotene 1.3 9.7 18.2 
Restricted Phytofluene | Se 2.1 0.8 
¢-Carotene | 5.2 2.5 0.4 
8-Carotene 5.2 6.6 13.1 
* An estimate. 
TaBLeE III 
Absolute Amounts in Micrograms of Carotenoid Synthesized 
_ Sere | | 
ae my h —- | Phytofluene | ¢-Carotene Neurosporene | B-Carotene 
es. ; pies UN oot Se ie ee 
66 21.2 8.5 4.0 28.4 
90 43.4 37.2 6.7 91 
138 76.4 87.5 18.3 780 
161 93.4 110 27.7 960 
Rates of accumulation, y per hr. 

90-66 0.93 «| 1.2 Ol | 2.6 
138-90 0.69 1.05 0.24 14.3 
161-138 0.74 1.02 0.41 8.0 

| ' | 
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this fraction to the others is higher, 0.85 at 66 hours, rising to 4.3 at 138 
hours, after which it remains substantially constant. Growth has virtually 
ceased; yet the culture produces an additional 48 y of hydrogenated lyco- 
penes and 180 y more of 6-carotene. 

The plausibility of the foregoing analytical results is validated by rou- 
tine measurement of the spectra of the crude extracts. When ¢-carotene 
and phytofluene predominate, sharp peaks at 425, 400, and 368 my are 
observed. As the 6-carotene production increases, ratios for the various 
optical densities change accordingly, and the over-all picture presented 
here cannot, we believe, be in serious error. 


DISCUSSION 


It is to be noted that the rates at which the various carotenoids accumu- 
late are all positive in sign. Consequently there is no possibility of a de- 
crease in the amount of one, to be counterbalanced by a corresponding 
increase in another. It is true (Table II) that the severe effect of hep- 
tenone on the most restricted medium causes an upsurge in the rates for 
phytofluene and ¢-carotene which evidently is not maintained as the cul- 
ture recovers from its setback. However, the absolute amounts continue 
to increase, and the rate for 6-carotene is maintained. 

An evaluation of the evidence on the conversion of one carotenoid to 
another leads to the conclusion that some postulates are inherently more 
plausible than others. In view of the established structures of 6-carotene 
and zeaxanthin, the hydroxylation of the former at the 3,3’ positions to 
yield the latter (see (5), p. 506) is unlikely, particularly in the absence of 
an adjacent double bond, whereas transformations to epoxy-, furano-, 
keto-, or acidic carotenoids may logically be expected. 

In seeking, therefore, an answer to the question as to how carotene is 
synthesized, a further question must be asked. To what extent must we 
provide for the synthesis de novo of other carotenoids? Zalokar (6), for 
example, has shown that the colored polyenes of Neurospora may be placed 
in distinct groups with respect to their rates of formation, a close parallel- 
ism being observed between rates for ¢-carotene, neurosporene, and lyco- 
pene. A somewhat similar situation exists with Phycomyces, when there 
is a sharp distinction between the rate for 6-carotene as contrasted with 
those for phytofluene, ¢-carotene, and neurosporene. The problem would 
be greatly simplified if, for example, a precursor involving the central por- 
tion common to all carotenoids could be demonstrated. 

The suggestion of stepwise dehydrogenation from tetrahydrophytoene, 
via phytofluene to lycopene, requires substantial revision (5) if phytofluene 
is indeed an octahydro- and not a dodecahydrolycopene as once postulated. 
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However, this finding still would not exclude the possibility of phytofluene 
or phytoene as a precursor of lycopene. 

The effect of leucine on carotene formation in Phycomyces is striking; 
yet studies with 2-C-leucine indicate limited incorporation of leucine-car- 
bon (7). 

Goodwin (5) raises the question whether carotenoid synthesis begins 
with a tail-tail condensation of 2 C; units followed by head-tail condensa- 
tions at each end of this primary Cy unit,' or whether the primary unit is 
Cx, comprised of four C; linkages of head-tail, which then condenses with 
itself, tail-tail. An answer to the leucine problem will require degradative 
studies to determine exactly where the leucine carbon enters the molecule. 
If a surmise should prove correct that it is limited to two places rather than 
the eight that are theoretically possible, it will simplify the answer. Gly- 
cine data (8) indicate unequivocally enrichment of the methylene carbon, 
but, again, degradative studies of the carotene must be made. 


A grant from the National Science Foundation in support of these stud- 
ies is gratefully acknowledged. 


SUMMARY? 


The rates at which phytofluene, ¢-carotene, neurosporene, and 6-carotene 
accumulate in Phycomyces blakesleeanus have been determined for three 
culture media. Unless the medium is particularly restricted, rates for the 
first three polyenes are relatively constant. The rate for B-carotene, how- 
ever, shows an upsurge in the later stages of growth. The rates for all 
components are positive, and the implications of this are briefly discussed. 
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1 A variant of this would be a tail-tail condensation of 2 Cio units. 


? Recent work has established that phytoene also accumulates in methylhep- 
tenone-treated cultures. 
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In order to test a hypothesis that lowering the pK, of the amino group 
might increase active transport of amino acids, 8-chloro-L-alanine was pre- 
pared and its concentration by cells examined. The amino acid was rap- 
idly degraded with the release of chloride ion in the presence of Ehrlich 
mouse ascites carcinoma cells (1). Because this reaction appeared to be 
analogous to some of the pyridoxal-catalyzed 8 elimination reactions stud- 
ied by Metzler, Ikawa, Snell, and their associates (2), the action of pyridoxal 
and metal ions on #-chloroalanine has been investigated. A degradation 
occurred over a wide pH range and at lower temperatures than previously 
observed for similar reactions. An enzyme catalyzing what appears to be 
the same reaction has been observed in extracts of rat liver. The products 
in both cases have been identified as chloride, pyruvate, and ammonia, 
although in the case of the non-enzymatic reaction evidence was obtained 
for the presence of an unidentified condensation product between pyridoxal 
and the chlorine-free amino acid. These results are in harmony with the 
generalized reaction sequence of Snell et al. for 8 eliminations; 7.e., VIII — 
XII — XIII — pyruvate + NH; + pyridoxal ((2) p. 650). 


Methods 


Non-Enzymatic Reaction—Reaction mixtures were prepared, divided into 
portions, and incubated in small test-tubes in a water bath at 37°. To 
study the progress of the reaction, the tubes were removed and cooled in 
ice or acidified with dilute nitric acid to stop the reaction. The solutions 
were then diluted for analysis of aliquot portions. 

Enzymatic Dehydrochlorination—The enzyme reactions were carried out 
in a3 ml. volume in small beakers also at 37°. Either tris(hydroxymethyl)- 
aminomethane (Tris) plus HCl or a sodium-potassium phosphate combina- 
tion was used to buffer the solution. A large excess, 25 y, of calcium pyri- 
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doxal phosphate! was used. The substrate was added to the system after 
a 10 minute preliminary incubation. The reaction was stopped after a 
measured interval by adding an equal volume of 10 per cent trichloroacetic 
acid. 

Analytical Methods—Pyruvie acid was determined by the method of 
Friedemann and Haugen (3) as modified by Metzler and Snell (4) with 
ethyl acetate as the extractant. Pyridoxal was determined by the optical 
density produced at 375 my by adding ethanolamine (4). Ammonia was 
determined by the direct addition of Nessler’s reagent to protein-free fil- 
trates after the enzymatic reaction. In the non-enzymatic reactions, the 
ammonia could not be determined by direct addition of Nessler’s reagent. 
Instead, ammonia was adsorbed on Permutit from a solution buffered at 
pH 6.0 and eluted with alkali before adding Nessler’s reagent. Chloride 
was determined by the Volhard titration in the presence of nitrobenzene, 
between 5 and 25 yeq. of chloride usually being titrated. 

Pyruvic acid was identified as a product of both the enzymatic and non- 
enzymatic reactions through its 2 ,4-dinitrophenylhydrazone as described 
by Metzler and Snell (5). The procedure is described for the non-enzy- 
matic degradation. A mixture of 6-chloroalanine (20 mm), pyridoxal (10 
mM), and alum (3 mm) in 0.1 m acetate buffer, pH 4.6, was allowed to re- 
act for 3 hours at 37°. At the end of this time 2 ,4-dinitrophenylhydrazine 
in 2 N HCl was added and allowed to react for 30 minutes. The solution 
was then neutralized to pH 7, extracted with ethyl acetate to remove excess 
dinitrophenylhydrazine, acidified, and the dinitrophenylhydrazone ex- 
tracted into ethyl acetate. The ethyl acetate layer was then washed with 
water and chromatographed in the butanol-ethanol-water system of 
Cavallini et al. (6). The two expected spots were observed as described 
by Metzler et al. (5, 7). The more slowly migrating, much denser spot 
corresponded accurately to the single spot shown by a control sample con- 
taining the authentic 2 ,4-dinitrophenylhydrazone of pyruvic acid (prepared 
from sodium pyruvate and recrystallized from ethanol). A solution of the 
eluted, slower moving spot showed absorption spectra, both in buffer at 
pH 7.4 and in 0.5 n NaOH, identical with those shown by the authentic 
product and with the spectra obtained by Metzler, Olivard, and Snell (5, 
7). Pyruvate was similarly identified as a product of the enzymatic re- 
action from an ethanol-deproteinized reaction mixture. 

B-Chloroalanine and serine were separated quantitatively by use of 
Dowex 50-sulfonic acid type resin in the hydrogen form, eluting increas- 
ing concentrations of hydrochloric acid (8,9). The amino acids were ap- 
plied in a solution at pH 2. The column (20 X 1 cm.) was developed 
first with 0.25 n HCl, serine appearing as a symmetrical peak in the 


1 Gift of Dr. W. W. Umbreit, Research Laboratory of Merck and Company, Inc. 
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eluate from 50 to 80 ml. At 90 ml. the HCl concentration was increased 
to 0.5 N, whereupon 6-chloroalanine appeared at 95 to 125 ml. At 140 
ml. the eluent was changed to 4 n HCl; with the experimental samples, 
10 ml. of this sufficed to elute the remaining ninhydrin-reactive material. 

8-Chloro-L-alanine was synthesized by Mrs. Sonia Collins from L-serine 
by the method of Fischer and Raske (10). Pyridoxal was employed as 
the free base. Neither the 8-chloro-t-alanine nor pyridoxal gave a test 
for chloride with silver nitrate. 

Partial Purification of Enzyme—25 to 30 gm. of fresh rat liver were sus- 
pended at 4° in 150 ml. of 1 per cent NaCl containing 5 to6 drops of Nn NaOH 
by using the Waring blendor. All subsequent operations were at 4° except 
as otherwise indicated. The suspension was centrifuged for an hour at 
10,000 X g. The clear red supernatant solution was heated with rapid 
stirring in a water bath at 58-60°. The solution reached 55° in about 5 
minutes, was held at that temperature an additional 5 minutes, and then 
was chilled in ice and centrifuged briefly to remove the coagulum. To 
the 120 ml. of supernatant fluid were added 34 gm. of (NH,)sSO,. The 
precipitate was removed by centrifugation and a second precipitate pro- 
duced by adding 17 gm. more of (NH,)2SO,. The latter precipitate was 
dissolved in 1 per cent NaCl. This contained about half of the activity 
of the unheated extract. On the basis of the protein content (Lowry 
method (11)), it had 4 times the original potency. After dilution to 100 
ml., two new precipitates were separated by the addition of at first 34 
gm. and then 12 gm. of (NH,4)2SO,;. The second precipitate was again taken 
up in 50 ml. of 1 per cent NaCl. It proved to contain 35 to 50 per cent 
of the original activity and to be six to seven times as potent. 

Further purification could be achieved by ethanol fractionation. 50 ml. 
of the above solution were cooled to incipient freezing and treated with 20 
ml. of ethanol held at —20°. The precipitate was immediately separated 
by centrifuging and taken up in 25 ml. of 3 per cent NaCl. On the basis 
of protein content this step achieved a 30-fold purification over the original 
extract, although only 10 per cent of the original activity was recovered. 

No activity was lost during 2 days of dialysis of the original liver extract. 
The material precipitated twice by ammonium sulfate was inactivated by 
dialysis against distilled water, but could safely be freed of NH,*+ and Cl- 
by dialysis against 1 per cent sodium sulfate. These dialyzed solutions 
were frozen and stored at —20° for 3 weeks without loss of activity. The 
ethanol-fractionated material lost its activity in 24 hours at 4°. 


Results 


Non-Enzymatic Reaction—In Fig. 1 is the time-course of the release of 
chloride, pyruvate, and ammonia from §-chloroalanine. Whereas the 
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latter two products appeared in corresponding amounts, the release of 
chloride is seen to have run well ahead. The magnitude of this excess was 
greater when more pyridoxal was used. This discrepancy was not due to 
the formation of formaldehyde and glycine, in analogy to threonine de- 
composition (12), because no formaldehyde could be detected by action 
with chromotropic acid. Nor was it owing to a possible transamination 
of B-chloroalanine to §-chloropyruvate, followed by hydrolysis to B-hy- 
droxypyruvate and chloride, because 6-hydroxypyruvate was absent on 
paper chromatograms, where otherwise it could readily be noted. 
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Fic. 1. Production of ammonia, pyruvate, and chloride from 8-chloroalanine, and 
the disappearance of pyridoxal. 8-Chloroalanine, 20 mm; aluminum, 3 mw; acetate 
buffer, pH 4.6; pyridoxal, 10 mm. O, chloride; @, pyruvate; A, ammonia; A, pyti- 
doxal. 


Serine formation did not account for the discrepancy, as the following 
experiment indicates: 100 ymoles of 6-chloroalanine, 10 umoles of pyridoxal, 
and 3 umoles of alum in 5 ml. of 0.1 m acetate buffer, pH 4.6, were held at 
37° for 3 hours and then chromatographed on a Dowex 50 column. The 
effluent at 50 to 80 ml. contained 2 per cent of the ninhydrin-reactive ma- 
terial corresponding to serine; at 95 to 125 ml., 20.3 wmoles of 6-chloro- 
alanine were recovered. The remaining 79 umoles of ninhydrin-reactive 
material were eluted with strong HCl. Incidentally, heating a portion 
of this terminal effluent in acetate buffer at pH 4.6 for 30 minutes on the 
steam bath did not lead to pyruvate release, as would have been expected 
if the Schiff’s base of aminoacrylate had been present. 

The deficiency in pyruvate and ammonia production corresponds ap- 
proximately to an amount of pyridoxal disappearing (Fig. 1), as noted by 
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the loss of optical density at 375 my upon the ethanolamine addition. Ac- 
cordingly, the deficiency in pyruvate and ammonia release is attributed to 
the formation of a condensation product between pyridoxal and the sub- 
strate, whereby chloride is released but pyruvate and ammonia are re- 
tained. 

This product appears to be too stable to be the metal-stabilized Schiff’s 
base of a-aminoacrylate, which appears in the predicted reaction sequence 
for 8 eliminations (Formula XII, X~- representing Cl-(2)). This inter- 
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Fic. 2. Effect of aluminum ion concentration on the production of chloride and 


pyruvate from 8-chloroalanine. $-Chloroalanine, 20 mm; pyridoxal, 5 mM; acetate 
buffer, pH 4.9, 0.1 mM; incubation time, 3 hours. 


Fic. 3. Effect of pyridoxal concentration on the production of chloride and pyru- 
vate from #-chloroalanine. $-Chloroalanine, 16.7 mm; aluminum, 2.5 mm; acetate 
buffer, pH 4.9, 0.083 m; incubation time, 3 hours. 


mediate is believed to be hydrolyzed to pyruvate, ammonia, and pyridoxal. 
The strong electron attraction of the chloro group undoubtedly accounts 
for the ready 8 elimination at 37°; presumably the subsequent reaction 
proceeds more slowly. Examination of the reaction at 100° is compli- 
cated because 6-chloroalanine is spontaneously dechlorinated under these 
conditions. 

In Figs. 2 and 3, the extent of the non-enzymatic reaction is governed 
by the level of metal and pyridoxal present. The release of small amounts 
of chloride and pyruvate in the absence of added aluminum is attributed 
to contaminating traces of metal, since replacement of the acetate buffer 
With citrate practically abolishes any such release. Almost compléte in- 
hibition by citrate was also obtained in the presence of added aluminum 
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(Table I). The failure of either chloride or pyruvate to be released in the 
presence of citrate indicates that the metal requirement applies to both 
aspects of the reaction. Release of chloride without release of pyruvate 
was never observed. 

Table I also demonstrates that ferrous iron, copper, and aluminum, in 
that order, were most effective; zinc, nickel, and cobalt occupied inter- 
mediate positions, whereas magnesium was ineffective. This order is sim- 
ilar to that observed for the dehydration of serine (5). 


TABLE I 
Effect of Various Metal Ions on Non-Enzymatic Production 
of Chloride and Pyruvate from B-Chloroalanine 
8-Chloroalanine, 20 mm; pyridoxal, 5 ma; acetate buffer, pH 4.9, 0.1 M; metal salt, 
1mm. Incubation time, 3 hours. Zn, Ni, and Mg ions added as their sulfates; Fe 
added as Fe(NH,)(SO,)2; Al added as KAI(SO,) >. 











Metal Chloride Pyruvate Ratio Cl to pyruvate 
} | 
mM | mM | 

None .| 1.4 | 1.8 | 0.8 
Mg** | 1.8 14. | 1.3 
| are 2.15 1.9 mS 
Co** 4.4 3.8 1.2 
cscs 7.6 i La 
Al+++ 8.6 5.3 2.0 
Mt os dois 0.25 0.5 

Cut... 14.4 10.3 1.4 
Cut*.. 15.65 11.8 1.3 
Fet*.. 17.6 12.5 1.4 





The non-enzymatic reaction proceeded rapidly at pH values above 3, 
and appeared to be accelerated by increasing the pH, although this study 
was complicated by the interaction of buffer and metal ion (Table IJ). 
Phosphate and particularly citrate buffers inhibited the reaction when 
aluminum was the metal, but apparently citrate was not able to compete 
with the pyridoxylidine-amino acid derivative for copper (Table I). 

Enzymatic Reaction—In the presence of the salt-precipitated liver prep- 
aration and of pyridoxal phosphate, pyruvate, ammonia, and chloride were 
released in approximately equimolar amounts (Table III). The course 
of the reaction was also followed by observing the release of hydrogen ion, 
the pH falling in a close relationship to pyruvate released. 

All preparations showed increased cleavage of 6-chloroalanine in the 
presence of pyridoxal phosphate, although to variable degrees. The sen- 
sitivity to pyridoxal phosphate addition was not increased by the puri- 
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e TABLE II 
h Effect of pH and Buffer Composition on Non-Enzymatic Production 
e of Chloride and Pyruvate from B-Chloroalanine 
Concentrations are indicated for the final reaction mixture after 100 minutes at 
” 37° for Experiment 1, and after 60 minutes for Experiment 2. The acetate buffers 
were 0.25 m, the phosphate buffers 0.05 m, and the borate buffers 0.05, 0.03, and 0.025 
an M in the order listed. The initial 6-chloroalanine concentration was 20 mM; alumi- 
- num, 3 mM in Experiment 1, 1 mm in Experiment 2; pyridoxal, 10 mm in Experiment 
1,5 mm in Experiment 2. 
Experiment | ss | Chior | — Ratio, 
ee Buffer pH at 25 Chloride | Pyruvate | Cl to sounrate 
: } | mM oe mM Or ee, 
it 1 Acetate 3.0 0.65 0.5 1.3 
Re ‘i 3.4 0.8 
: ae 3.9 3.8 1.9 2.0 
ai 4.2 7.2 2.9 2.5 
ie “ 4.9 12.6 6.8 1.85 
= | - 5.4 15.7 8.6 1.8 
2 : 4.2 | 1.75 
“ | «6 |] «8 
- | 5.4 8.1 5.8 1.4 
Phosphate 5.9 0.5 
. | 3a 3.6 | 
* ee 8.5 7.0 1.2 
8.3 6.7 
. | 8.9 13.0 
| Borate 9.2 | 16.5 8.45 2.0 
ie 9.9 | 15.9 
vs 11.0 16.4 8.1 2.0 
e 3, 
udy TABLE II I 
II). Products of Enzymatic Reaction 
hen Each reaction vessel contained 50 umoles of 8-chloroalanine, 50 y of calcium py- 
ridoxal phosphate, and the indicated amount of protein, and was 0.05 m in phosphate 
pete c- - 
buffer at pH 7.3; final volume 6 ml. 
rep- Product formed in 30 min., eq. 
were Protein present - —_—__—__— i 
Pyruvate Ammonia | Chloride 
urse =e } 
ion, mg. | 
; 0.6 7.0 | 10.9 PY 
0.9 17.4 20.5 | 19.8 
the - 
1.2 25.4 ef 27.6 
saad 1.5 31.8 35.6 36.8 
purl- iuelieadaes . * Ts 2 Ee ee, ee 
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fication steps (Table IV). A preparation purified by ammonium sulfate, 
however, lost almost all of its activity upon standing for 2 weeks at 4°, 
but was strongly activated upon addition of pyridoxal phosphate. Ferric 
ion, glutathione, and adenosine 5-phosphate were without activating 


TABLE IV 
Requirement for Pyridozal Phosphate in Enzymatic Reaction 
Each reaction vessel contained 12.5 wmoles of 8-chloro-L-alanine and 25 y of cal- 
cium pyridoxal phosphate, as indicated, in a final volume of 3 ml., 0.05 m in phos- 
phate, or Tris in the second instance; at pH 7.3. 








Pyruvate formed in 30 min. 








Nature of enzyme Protein 
Without pyri- | With pyridoxal 
doxal phosphate! phosphate 
| | 
mg. pmoles pmoles 
Crude liver extract....... wath 7.5 9.2 21.2 
Ethanol-pptd........... ate ae sacs ere 0.08 1.8 5.4 
Pptd. twice by ammonium sulfate.... 0.24 2.7 7.4 
0.1* 2.4* 


ef Le 0.24 





* 20 minute incubation. 


TABLE V 
Activity of Enzyme Preparation toward Various Amino Acids 
Each reaction mixture contained 0.08 mg. of protein, 25 y of calcium pyridoxal 
phosphate, and 12.5 wmoles of substrate in a final volume of 3 ml.; 0.05 m in Tris at 
pH 8.5. In the keto acid method, toluene rather than ethyl acetate was used for 
determination of the a-ketobutyric acid resulting from threonine and homoserine. 





Substrate Keto acid formed in 30 min. 
pmoles 
OT iloro-1.-BIAMINE . +. 6. 5 ne kes eieeens etatee oiecas 4.6 
L-Serine..... ; , a a 0.14 
L-Cysteine........ peers sf ag 0.17 
L-Threonine..... Pe Ga as 0.11 
pL-Homoserine......... 25 ink 1.0 





effect. The latter two have been reported to increase the activity of he- 
patic homoserine dehydrase under some conditions (13). 

In the salt-fractionated preparation in phosphate buffer, there was op- 
timal activity at pH 7.5, slightly less at pH 8.3, about half maximal ac- 
tivity at pH 6.3, and about 15 per cent at pH 5.4. In the Tris buffer this 
preparation displayed about the same activity at pH 8.3 and 7.5, but the 
ethanol-purified material showed three to four times as much activity in 
the amine buffer as in the phosphate. 
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The ethanol-precipitated preparation was tested for activity against 
substrates known to undergo 6 and y eliminations by liver extracts (Table 
V). Only slight activity was shown toward cysteine, serine, and threonine, 
but appreciably more toward homoserine. The preparation was, how- 
ever, five times as active toward $-chloroalanine as toward homoserine. 
The much greater stability of homoserine to spontaneous cleavage (for 
example at 100°) should be considered in interpreting this relationship. 


DISCUSSION 


In the present experiments, 6-chloroalanine reacts non-enzymatically 
with pyridoxal at 37° to form equimolar amounts of ammonia and pyruvate 
: in accordance with the results of Snell et al. for serine, threonine (12), and 
cysteine (5). At the same time, however, the release of ammonia and 
pyruvate falls behind that of chloride. Because there is a corresponding 
disappearance of free pyridoxal, it is believed that the dehydrochlorination 
runs ahead of the deamination and that a by-product accumulates. 

The results indicate further that liver contains an enzyme which accel- 
erates a similar degradation of the chloroamino acid, and which is stimu- 
lated by pyridoxal phosphate. In this case, no disproportionate release 
of chloride was observed. The normal substrate for this activity may 
well be homoserine. 

Another example of enzymatic dehalogenation, the deiodination of thy- 
al roxine and triiodothyronine, receives interest especially because of the pos- 
at sible significance of the deiodination of thyroxine in its function (14). The 
deiodination of diiodotyrosine by tissue slices and snake venom has been 
v observed (15). A mechanism for these reactions could readily be formu- 
. lated, extending the electromeric shifts induced by pyridoxal through the 
— aromatic rings of thyroxine. Little is known yet concerning such enzy- 
matic deiodinations. Conceivably enzymatic iodination could be achieved 
by the reverse course, with iodide, rather than iodine released peroxida- 
tively (16). 





SUMMARY 


1. 8-Chloro-L-alanine reacts with pyridoxal at 37° over a wide pH range 


he- to yield equimolar amounts of ammonia and pyruvate. Chloride is re- 
leased in amounts ordinarily exceeding those of pyruvate and ammonia, 

op- the excess depending upon experimental conditions. 

ac- 2. One of a number of metal ions must be present for this degradation 

this to proceed. 

the 3. The deficiency in the release of pyruvate and ammonia corresponds 


yin | approximately to a disappearance of free pyridoxal, pointing to the accu- 
mulation of a pyridoxal derivative of the dechlorinated amino acid. 
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4. Extracts of rat liver contain an enzyme which catalyzes the degrada- 
tion of $-chloroalanine to yield approximately equimolar quantities of 
pyruvate, ammonia, and chloride. Hydrogen ion is also released. 


5. The partially purified enzyme requires pyridoxal phosphate for optimal 


activity and displays substantial homoserine dehydrase activity. 
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STUDIES ON THE PURIFICATION AND PROPERTIES 
OF THE SERINE-FORMING ENZYME SYSTEM* 


By NICHOLAS ALEXANDER anp DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, August 15, 1955) 


Recent reports have dealt with the mechanism of serine synthesis by 
soluble enzyme preparations (1-4). This paper deals with the partial 
purification and certain properties of the enzyme system concerned with 
the synthesis of serine from glycine and formaldehyde. 

Kisliuk and Sakami (3) have suggested the name serine hydroxymeth- 
ylase for their enzyme. This term suggests a breakdown of serine. Since 
the reaction we have studied mainly is the formation of serine, and because 
of the similarity to aldol type reactions, we propose the name serine aldolase 
for this enzyme system. This name receives added support because of 
the occurrence of at least one other enzyme that liberates aldehydes from 
6-hydroxyamino acids (cf. (5)). 


EXPERIMENTAL 


The incubations were carried out in 20 ml. beakers as previously de- 
scribed (4), except that during long reaction periods (>2 hours) nitrogen- 
filled, 10 ml. Erlenmeyer flasks were used. The total volume of reaction 
mixture was 3.0 ml., and, unless specifically noted, the incubation was per- 
formed in an N2 atmosphere for 15 minutes. The reaction was stopped 
with 1.0 ml. of 30 per cent TCA,! and 2.0 ml. of supernatant fluid were 
used for the serine determination. 

The serine formed was determined by a slight modification of the pro- 
cedure of Frisell e¢ al. (6), although some of the initial experiments involved 
assaying with formaldehyde-C. The substrate formaldehyde present was 
first removed by heating at 70—-80° for 30 minutes in small evaporating 
dishes. The volume was kept between 1 and 2 ml. by adding distilled 
water after evaporation had reduced the volume to about 0.5 ml. during 
heating. The entire assay requires about 2 hours, and as many as eighteen 
samples have been handled in this time. 


* Aided by research grants from the National Cancer Institute (C-2327), United 
States Public Health Service, the American Cancer Society (Committee on Growth 
and California Division), and the Cancer Research Funds of the University of Cali- 
fornia. 

1 Abbreviations employed: THFA, tetrahydrofolic acid; ATP, adenosine tri- 
phosphate; B-6-PO,, pyridoxal phosphate; TCA, trichloroacetic acid. 
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Prior to the colorimetric assay for enzyme activity, the preparations 
were dialyzed overnight against six changes of 40 volumes each of 0.01 m 
phosphate buffer, pH 7.2. This reduced the color blank of the crude ho- 
mogenate considerably, but not completely. The blanks of the super- 
natant fluid obtained by centrifugation in the Spinco preparative ultra- 
centrifuge were lower than that of the homogenate, and the (NH,).SO, 
fractions were colorless. All of the reported results have been suitably 
corrected for extraneous light absorption. The (NH,)sSO, fractions could 
be assayed directly without dialysis. 

In purifying the enzyme, (NH,)2SO, was added at room temperature in 
the solid form, and the per cent saturation was calculated by the formula 
of Kunitz et al. (7, 8). 

The absorption in the ultraviolet region at 280 my was used for the de- 
termination of the protein content of the enzyme preparations. A standard 
curve (straight line) for comparison was prepared from varying aliquots of 
the 31 to 50 per cent (NH4)2SO, fraction from rat liver. 

Centrifugation was carried out in the cold (~3°) in a refrigerated In- 
ternational centrifuge. 

An enzyme unit is defined as the amount that forms 1 umole of serine 
in 15 minutes incubation. 


Results 


Partial Purification of Enzyme with Ammonium Sulfate—The suitability 
of the classical (NH,4).SO, fractionation technique (7, 8) for the purification 
of the enzyme was first established on a crude extract of rat liver. Almost 
all of the enzymatic activity was found in the 31 to 50 per cent fraction. 

THFA was mainly employed as the cofactor in these tests. ATP and 
leucovorin together could serve in its place, but under the conditions of 
these experiments they were less than half as efficient. This was subse- 
quently shown to be owing to an additional slower enzyme reaction by 
which leucovorin is converted to THFA or its enzymatic equivalent’ 
From this point on, the work was devoted to the separation of the enzyme 
forming serine, which utilizes THFA as its cofactor. 

After establishing the suitability of (NH4).SO, fractionation on rat liver, 
a source of the enzyme was sought that would furnish larger quantities of 
equally active starting material. Sheep liver proved to be such a source. 

Prior to a study of the quantitative yield and enrichment of the enzyme 
by the various purification procedures, it was important to assess the va- 
lidity and accuracy of the conditions of the enzyme assay. A plot of serine 
synthesis as a function of THFA concentration is shown in Fig. 1. About 


2 Experiments on the isolation and characterization of this enzyme are now in 
progress. 
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250 y of THFA are required to give optimal activity. This rather high 
value may be due to the various diastereoisomers present, as pointed out 
earlier with leucovorin (4). 

THEA is extremely labile in solution under ordinary atmospheric con- 
ditions. It was prepared under a hydrogen atmosphere, and the incuba- 
tions described in the first section were run by adding the THFA in a dry 
box filled with nitrogen. However, it was found that the THFA could be 
dissolved in buffer in air just prior to incubation without any loss of activ- 
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Fig. 1. Effect of THFA concentration on serine synthesis. Vessel contents, 13 
mg. of enzyme (Fraction 4, Table I); 90 umoles of glycine; 15 wmoles of H.CO; 1.6 


ml. of 0.02 m phosphate buffer, pH 7.2; enzyme preincubated with 0.1 umole of B-6-PO, 
for 15 minutes. 


Fia. 2. Rate of serine synthesis with time with purified enzyme. Vessel con- 


tents, same as in Fig. 1, except for 16 mg. of enzyme preparation, 10 zmoles of H.CO, 
and 500 7 of THFA. 


ity, and this practice was followed subsequently. Under these condi- 
tions the enzyme reaction proceeded about 70 to 80 per cent as well in air 
as under No, (The reduced pteridine ring is probably stabilized immedi- 
ately by the enzymatic addition of a carbon bond, presumably on nitrogen 
atom 10.) After 15 minutes incubation of a THFA-buffer solution in air, 
a visible yellow color appeared, and the solution was about one-half as 
effective. At the end of 30 minutes, the yellow color had deepened and 
its effectiveness was reduced more. 

In conducting enzyme assays, excess glycine (90 umoles or more) was 
used to give a zero order reaction, but the formaldehyde concentration was 
limiting. At higher formaldehyde concentrations (greater than 30 umoles), 
an inhibition of enzymatic activity in the (NH,):SO, fractions was observed, 
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and obvious denaturation occurred when as much as 75 to 100 uwmoles were 
present. The maximal amount of activity was detected when 10 to 20 
pmoles of formaldehyde were added under the given conditions. The 
cruder preparations can withstand greater formaldehyde levels because of 
the higher concentration of contaminating, non-enzyme proteins. Since 
it was necessary to limit the formaldehyde concentration, the other alterna- 
tives were to vary the time or the concentration of the enzyme. The time- 
curve, given in Fig. 2 with the 31 to 50 per cent (NH,)2SO, fraction (Frac- 
tion 4, Table I), shows that the reaction proceeds linearly for 30 minutes. 
After this point, there is no longer a linear relationship, and the reaction 
rate decreases until equilibrium is reached. It was also determined that 


TaBLeE I 
Yields and Purification of Serine-Forming Enzyme 
Starting material, 400 gm. of sheep liver. 








— | Volume Total units* a Specific. Purification 
ml. | a 
1 Crude homogenate 1530 8874 100 0.26 
2 Supernatant fluid 1120 6048 68 1.7 1 
3 Ist (NH,)2SO, (31-50%) 465 4836 55 3.5 2 
+ 2nd sie (31-50%) 500 3900 44 6.2 3.6 
5 3rd 3 (37-44%) 136 1700 19 9.25 5.5 























* 1 unit is 1 pmole of serine formed in 15 minutes. 
+ Units per ml. divided by absorption at 280 my, the optical density of 0.2 ml. of 
enzyme solution X 107'. 


varying amounts of the same enzyme fraction followed a linear reaction 
course in the 15 minutes incubation. Hence, a 15 minute reaction time 
was chosen. All the mixtures were preheated to 37° before adding the 
THFA. 

The purification data on the sheep liver enzyme are given in Table I. 
Repeating the 31 to 50 per cent (NH4)2SO, salting out procedure more than 
twice gave no further increase in specific activity. 

The fractionation procedure was as follows: Fresh sheep liver® was 
washed in cold distilled water and macerated in a Waring blendor (4). After 
centrifugation for 15 minutes at 21,000 x g, the supernatant liquid was 
poured off (as much of the fat as possible being retained), and its pH was ad- 
justed to 7.2 with 6 ns NaOH. For every 100 ml. of solution, 18.3 gm. of 
solid (NH,)2SO, were added with constant stirring to bring its concentration 


3 Stored frozen liver pieces of 50 to 100 gm. weight, wrapped in Parafilm or alumi- 
num foil to facilitate quick freezing, also proved a satisfactory enzyme source. 
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to 31 per cent. The pH was adjusted to 7.2 with 6 N NaOH, and the pre- 
cipitate was allowed to settle from 1 to 15 hours in the refrigerator. The 
precipitate was centrifuged and discarded. To the supernatant fluid suffi- 
cient (NH4)2SO, (11.9 gm. per 100 ml.) was added with stirring to bring 
the concentration to 50 per cent. After 2 to 15 hours in the refrigerator, 
the precipitate was collected by centrifugation and the supernatant liquid 
discarded. The precipitate was dissolved with cold 0.02 m phosphate buffer 
at pH 7.2 to give a brown solution with a protein concentration of 1 to 3 
per cent. It was dialyzed against 0.01 m phosphate buffer, pH 7.2, until 


free of sulfate ions. Repetition of the fractionation with 31 and 50 per cent 
t (NH,)2SO, increased the activity and clarity of the preparation. Lyo- 
philization could occur at this point, after dialyzing free of the (NH,4)2SOx,, 
or one could continue with the subsequent fractionation. 
Heat treatment at 47° for 7 minutes, as employed previously (4), was 
‘ not used here, since it increased the specific activity only slightly and led 
‘ to a 40 to 50 per cent loss of enzyme. 
ye Storage of the enzyme fractions in solution at 3° in 0.02 m phosphate 
buffer, pH 7.2, up to 2 weeks did not result in serious loss in activity. If 
glycine (0.1 per cent) is added, the activity of the enzyme solution can be 
maintained for longer periods of time at 3°. Glycine apparently stabilizes 
one of the active centers on the enzyme molecule. Lyophilization and 
storage at —15° also increase the stability of the enzyme. Standing at 
— room temperature for 4 days in solution caused the specific activity to drop 
from 3.49 to 0.69. It is stable overnight over the pH range of 6 to 8. 
- Neither formate nor methanol was utilized by these enzyme fractions 
for serine synthesis. 
- Absolute Requirement for Pyridoxal Phosphate—The effect of B-6-PO, 
me is immediately apparent with sheep liver preparations (Table II). A 20- 
re fold increase in activity was observed when the purified enzyme was prein- 
cubated with B-6-PO,. With rat liver preparations, this effect is not ob- 
< tained, except on aging. A similar, though less striking, effect (about 
an 2- to 3-fold) was obtained with the crude homogenate and supernatant 
fluid. 
_ Preincubating the enzyme with B-6-PO, gave about a one-third greater 
ter serine yield than adding B-6-PO, at the time of incubation. This shows 
—< that the enzyme requires a measurable time to combine with the prosthetic 
ok. group and that this can influence the reaction rate. This is not surprising 
Y in view of the stable binding that exists in many B-6-PO,-requiring enzymes 
soe (9). Adding glycine either at the time of preincubation or at the start of 
the incubation made no difference, which indicates that the activation of 
_ glycine is quite rapid. 
, A plot of enzyme activity as a function of the B-6-PO, concentration is 
XUN 
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given in Fig. 3. At least 7.2 y (0.03 umole) of B-6-PO, is required for max- 
imal activity. 


TaBLeE II 
Effect of Pyridoral Phosphate on Serine Synthesis 
The vessels contained 15 mg. of enzyme, 15 umoles of HCO, 90 umoles of glycine, 
500 y of THFA, and 1.5 ml. of 0.02 m phosphate buffer, pH 7.2. Preincubation time 
for all the samples was 15 minutes, whether B-6-PO, was added or not. 

















Experiment No. Contents B-6-POs, 0.1 umole | Serine formed 
— itetihiee ; pmoles 
] Crude enzyme homogenate + 2.90 
2 = ™ ro _ 1.00 
3 Supernatant fluid + 2.72 
4 ” - — 0.50 
5 31-50% (NH,) SO, fraction + 7.40 
6 31-50% = - _ 0.36 
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0 24 72 120 240 
Pyridoxal Phosphate 
Concentration (y) 
Fig. 3. Effect of pyridoxal phosphate concentration on serine synthesis. Vessel 
contents, same as in Fig. 1, except for 500 y of THFA and varying B-6-PO, concen- 
trations; enzyme preincubated with B-6-PO, for 15 minutes. 


Pyridoxine, pyridoxal, and pyridoxamine cannot replace B-6-PO,. 

Metzler et al. (10) have presented’ a mechanism for B-6-PO,-catalyzed 
reactions which involves the participation of metal ions. Mgt*+ and Mn** 
produced no effect in our enzyme system, and Sequestrene (ethylenedia- 
minetetraacetic acid) had no inhibiting effect at pH 7.2. However, a metal 
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ion effect is not necessarily negated by the lack of effect of Sequestrene, as 
shown by other enzymatic studies (cf. (11)). Nevertheless, a plausible 
mechanism for the action of pyridoxal has been proposed that does not 
require a metal ion (12). More searching experiments on this point are 
in order. 

The direct requirement for B-6-PO,; by the enzyme corroborates the find- 
ings with the crude preparation, in which a similar effect was detected 
through deoxypyridoxine inhibition (4). 

Attempts at Further Purification—The serine-forming enzyme was ex- 
tremely resistant to further attempts at purification. Numerous other 
techniques were tried in vain in an attempt to purify the enzyme further. 
These included the use of adsorbents (calcium phosphate gel (13), aluminum 
gel-A (14), and bentonite (15)); protamine; solvent fractionation (ethanol, 
acetone‘); and isoelectric precipitation. It is, however, not unlikely that, 
with suitable variations in pH, ionic strength, etc., these techniques would 
permit further purification of the enzyme. 

Determination of Michaelis Constants for Glycine and Formaldehyde—By 
employing the method of Lineweaver and Burk (16), the Michaelis dis- 
sociation constants for formaldehyde and glycine were determined. Fig. 4 
gives the familiar plots of 1/v versus 1/S for glycine and formaldehyde. 
The K,, determined under the given conditions for glycine is 1.5 K 107? m, 
and for formaldehyde 1.4 X 10-* M. 

The formaldehyde concentration was varied 30-fold, from 1 to 30 umoles 
per 3 ml. of incubation mixture. The use of higher formaldehyde concen- 
trations was prohibited, as pointed out earlier. The glycine concentration 
was varied approximately 100-fold (cf. Fig. 4). 

The affinity of the enzyme for glycine is practically the same as that for 
formaldehyde, and the activation of both substrates is extremely fast. 

Determination of Apparent Equilibrium Constant and Calculation of AF 
for Reaction—The equilibrium constant was determined by approaching 
equilibrium from both sides of the reaction: formaldehyde + glycine 
serine, and the over-all apparent K’ = (serine)/(formaldehyde) (glycine). 

The reaction is rapid for the first half-hour and then levels off for the 
next 2 hours until a state of equilibrium is approached (5). Consequently, 


= an incubation time of 3 hours was used in obtaining the data in Table ITI. 
Experiment 3 in which serine was used as the substrate gives a K’ close to 
the average of 2.76 X 10*, corresponding to a AF of approximately —4900 
calories. More faith can probably be put into the values obtained by fol- 

wed ‘ It is interesting that protein crystals appeared at the first signs of turbidity 

sed during the acetone treatment. An unmistakable silky sheen made its appearance. 

dia- The crystals, however, proved to be inactive when assayed. The conditions for the 

etal crystal formation were '/2 = 0.007 (phosphate buffer, pH 7.2), protein concentration 
1 per cent, and 67 per cent (by volume) of acetone at —7°. 
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/s-M x lO 
Fic. 4. Plots to determine enzyme-substrate dissociation constants of glycine 
(A) and formaldehyde (B). Vessel contents, A, same as in Fig. 1, except for 16 mg. 
of enzyme preparation and varying glycine concentrations; B, same as in A, except 
for 90 zmoles of glycine and varying H2CO concentrations. Data for A, slope 0.55, 


Vin 2.78 X 10-8 moles per liter per 15 minutes, and K,, 1.5 X 10-* m; for B, slope 0.314, 
Vm4.6 X 10-* moles per liter per 15 minutes, and K,, 1.4 X 107° Mm. 


TaBLe III 
Apparent Equilibrium Constant for Glycine + HCHO = Serine 
The vessels contained 32 mg. of enzyme (Fraction 4, Table I), 1.5 ml. of 0.02 
mM phosphate buffer, pH 7.2, 600 y of THFA, and 0.1 umole of B-6-PO,;. Incubated 
for 3.0 hours in closed vessels filled with N»2. The values in the initial and final con- 
centrations are given as moles per liter X 10°. 


























Initial concentration | Final concentration : 
Bepgeinent | ee (Serine) _ 
" HCHO (Glycine t-Serine | HCHO* | Glycine* | Serine aed 
1 5.16 | 3.33 | 0 2.26 | 0.43 | 2.90 3050 (+400) 
2 5.16|6.5 | 0 | 0.83 | 2.17 4.32 2400 (+200) 
3 6 10 | 3.33 | 622 | 0.92 | 2.41 2850 (+80) 








| Average K’ = 2.76 X 10° 
| ; 
* Calculated by the difference between the determined final serine concentration 
and the initial substrate concentrations. All the values are the averages of two de- 
terminations in each experiment. 





lowing serine breakdown than the reverse, since formaldehyde might com- 
plicate matters because of its reactive nature and physical properties (e.g., 
volatility). 

The final glycine and formaldehyde concentrations (Table III) were de- 
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termined by difference. In two direct formaldehyde determinations made 
at 90 minutes in the serine degradation experiments of Fig. 5, not all of the 
serine B-carbon could be accounted for as free formaldehyde. Only 1 
pmole of formaldehyde was detected by the chromotropic acid method, 
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Fig. 5. Serine synthesis and decomposition by purified enzyme. Vessel contents, 
Curve A, same as in Fig. 1, except for 32 mg. of purified enzyme, 600 7 of THFA, 
10 umoles of L-serine, and no glycine or H2CO; Curve B, same as in Curve A, except 
for 10 umoles of glycine and 10 wmoles of H2CO in place of serine. 


TABLE IV 
Effect of Omission and Addition of Pyridoral Phosphate on Serine Synthesis 


The vessels contained 32 mg. of enzyme (Fraction 4, Table I), 1.5 ml. of 0.02 m 
phosphate buffer, pH 7.2, 15.5 umoles of H-CO, 90 uwmoles of glycine, and 500 y of 
THFA. Incubation time, 3 hours. 














| 
Experiment No. B-6-POs, 0.1 umole } Serine formed 
| 
pmoles 
1 + 15.4 
2 - 6.1 





whereas stoichiometry calls for 2.4 umoles. However, the incubation mix- 
ture contains 600 y of THFA (about 1.4 uwmoles), and the remaining for- 
maldehyde may be bound by the cofactor. 

While THFA is essential for the breakdown of serine, no addition of 
B-6-PO, is required. The extent of serine decomposition was essentially 
the same in the presence and absence of added B-6-PO,. However, a cer- 
tain amount of B-6-PO, is doubtless present in the enzyme preparation. 
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Moreover, large amounts of enzyme and long periods of incubation were 
used to insure the attainment of equilibrium. If the above is true, one 
should observe serine synthesis from formaldehyde and glycine in the ab- 
sence of B-6-PO, over long periods of incubation and with an excess of en- 
zyme. That such is the case is seen in Table lV. However, the addition 
of B-6-PO, to the control results in 2.5 times as much serine synthesis. 

Thus, it appears that less B-6-PO, is required for breakdown than for 
synthesis. Perhaps the single serine molecule is more easily appropriately 
aligned for reaction on the active enzyme surface than the two separate 
moieties required for synthesis. 


DISCUSSION 


Three sites can be visualized for the binding of the formaldehyde by the 
pteridine nucleus of the coenzyme; namely, anhydroleucovorin, N-5-hy- 
droxymethy1-5 ,6,7,8-tetrahydrofolic acid, and N-10-hydroxymethy!- 
5,6,7,8-tetrahydrofolic acid (1, 2). 

The first compound is favored by Blakley (1) but appears to be excluded 
on the basis of Wright’s experiments (17). She found anhydroleucovorin 
to be ineffective as the cofactor in serine breakdown with a bacterial prep- 
aration. Moreover, the most recent work of Deodhar et al. (18) and others 
(19) would appear to exclude this further. 

It has been shown that a bond at position N-5 stabilizes the reduced py- 
razine ring moiety of the pteridine nucleus (20), and this might be thought 
to favor this position. However, Jaenicke (21), using pig tissue prepara- 
tions, has now provided evidence that N'°-formyltetrahydrofolic acid is 
formed during the transfer of the 8-carbon of serine to THFA and subse- 
quent oxidation by diphosphopyridine nucleotide. This apparently fixes 
the position of the hydroxymethyl group on the coenzyme. But this com- 
pound is labile in air, and the compound isolated by Deodhar et al. (18), 
who used rat preparations, is not. 

The requirement for B-6-PO, as a cofactor is now firmly established (2, 
19, 21). Our purified sheep enzyme has an absolute requirement for it, as 
does that of Wright (17) and Blakley (22). Except for the réle played by 
the pteridine coenzyme, therefore, the reaction is identical with the model 
reaction catalyzed by pyridoxal and metal salts, studied by Metzler et 
al. (23). 


SUMMARY 


1. By ammonium sulfate fractionation, a 5.5-fold purification and 19 
per cent yield of an enzyme that synthesizes serine from glycine and formal- 
dehyde were obtained from sheep liver. 

2. The partially purified preparation has an absolute requirement for 
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B-6-PO,;. Preincubation with B-6-PO, is superior to adding it at the time 
of incubation. None of the other pyridoxine derivatives can replace B- 
6-PO,. 

3. Added B-6-PO, is not required for the breakdown of serine by the prep- 
aration but this may be owing to the greater length of the incubation and 
the presence of endogenous B-6-PQO,. 

4. No metal ion effect has been detected and Sequestrene does not inhibit 
the reaction. 

5. The Michaelis constants for formaldehyde and glycine were determined 
to be 1.4 X 10-° mM and 1.5 X 10-* M, respectively. 

6. The apparent over-all equilibrium constant is 2.76 X 10* and the AF 
is calculated to be —4900 calories. 
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The work reported herein describes the results of endeavors to isolate 
and characterize the enzymes involved in the dehydrative deamination of 
the 8-hydroxyamino acids, serine and threonine. Preparations have been 
obtained which act on threonine and serine separately. 1.-Threonine de- 
hydrase and L-serine dehydrase were separated by controlled heat denatur- 
ation and subsequent ammonium sulfate fractionation. 


Methods and Materials 


Assay Method—The amount of enzyme was determined by incubating 
an aliquot during purification with substrate and determining the quantity 
of keto acid formed. A unit of enzyme activity has been arbitrarily defined 
as that amount of enzyme which produces 1 wmole of keto acid when incu- 
bated with an excess of substrate at 37° in 1 hour. Under the above con- 
ditions the reaction was first order with respect to enzyme concentration 
and zero order with respect to substrate. Incubations were carried out in 
20 ml. beakers in a Dubnoff metabolic shaking incubator at 37° for 30 min- 
utes unless specified otherwise. At the end of the incubation, the enzyme 
reaction was stopped by the addition of 0.5 ml. of 25 per cent trichloro- 
acetic acid, which not only stopped the reaction, but also precipitated the 
protein from solution. The reaction mixture was centrifuged, and suitable 
aliquots of the clear supernatant fluid were then assayed for keto acid, 
a-ketobutyric acid in the case of threonine and pyruvic acid in the case of 
serine. 

The keto acid formed during an incubation was determined by a modifi- 
cation of the direct method of Friedemann and Haugen (1), which is de- 
pendent upon the measurement of the color of the 2 ,4-dinitrophenylhydra- 
zone of the keto acid in an alkaline solution. The modification consisted 
of the addition of 2 ml. of 95 per cent ethanol to the 10 ml. reaction test- 


* Aided by research grants from the National Cancer Institute (C327), the Ameri- 
can Cancer Society (Committee on Growth), and the Hobson Memorial Fund. 

+ Prepared from a thesis for the degree of Doctor of Philosophy submitted by 
Francis W. Sayre to the Graduate Division, University of California, August, 1955. 
Microfilm or photostatice copies may be secured on order from the University of Cali- 
fornia Library. 


787 





788 SERINE AND THREONINE DEHYDRASES 


tubes after the added dinitrophenylhydrazine reagent had been allowed to 
react. This prevents the development of turbidity which otherwise is a 
frequent occurrence. The appropriate standard curve was used to calcu- 
late the quantity of the standard curve for the keto acid being determined. 

The L isomers of serine and threonine were used for all assays unless other- 
wise specified. 

Enzyme assay values are expressed in terms of specific activity; namely, 
as the number of enzyme units (micromoles of keto acid formed per hour) 
per mg. of protein. Protein concentrations were determined by reading 
suitable aliquots of the sample at 277 my in the Beckman quartz spectro- 
photometer, model DU (2). The values obtained were compared with a 
standard curve for the enzyme, prepared from a partially purified sample 
which had been analyzed in quintuplicate by the micro-Kjeldahl method. 

Preparation of Homogenates—Fresh sheep liver was obtained from the 
abattoir, brought directly to the laboratory, and immediately washed with 
cold distilled water to remove the blood and to cool the liver. The liver 
was ground in an electric meat grinder, after removal of the large vessels 
and connective tissue, to facilitate homogenization. This minced liver was 
then homogenized in a Waring blendor for } minute with 2 volumes of 
phosphate buffer, 0.1 m, pH 7.2. Small aliquots were centrifuged, and the 
clear extract was assayed for threonine dehydrase and serine dehydrase 
activity. The values obtained were used as the starting level, and all ex- 
pressions of purification were based on this value. 


Fractionation Procedure 


Controlled Heat Denaturation—The crude homogenate, in batches of 500 
ml., was heated to 70° in a boiling water bath and cooled immediately when 
this temperature was reached. The heat denaturation led to the coagula- 
tion of many of the contaminating proteins but did not damage the enzyme 
when carried out as one of the initial steps in purification. The more puri- 
fied enzyme, however, showed a 50 per cent loss of activity upon heating 
at 70° for 5 minutes. The heat-treated material was centrifuged in 250 
ml. bottles at 2500 r.p.m. (1340 X g) for 20 minutes in an International 
refrigerated centrifuge. The clear supernatant liquid was retained for fur- 
ther fractionation, while the precipitate was discarded. 

Fractionation with Ammonium Sulfate—The clear supernatant liquid from 
the above centrifugation was fractionated with ammonium sulfate according 
to the procedure outlined in Fig. 1. The purification achieved in the frac- 
tionation of the two‘enzymes is presented in Table I. The amount of solid 
ammonium sulfate to be added was calculated from the formula of Kunitz 
(3). All salt concentrations are expressed as per cent saturation of am- 
monium sulfate. The major portion of serine dehydrase came out in the 
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hydrase activity): redissolve; refrac- 
tionate in 50% saturated (NH,).SO, 3 
or 4 times; enzyme then ready for 
further purification by concentration- 
gradient elution or crystallization with 
mercury 





* All filtrations with Hormann pressure filter on No. D-3 asbestos pad with aid of 


Hyflo Super Cel. 


Fig. 1. Procedure for fractionation of threonine and serine dehydrases from 


ground sheep liver. 
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30 to 35 per cent saturated ammonium sulfate solution, and the major por- 
tion of threonine dehydrase came out in the 45 to 50 per cent ammonium 
sulfate solution. 

Ammonium Sulfate Concentration-Gradient Elution—Ammonium sulfate 
concentration-gradient elution from a Hyflo Super-Cel column represented 
the final step in the purification of threonine dehydrase. This technique 
led to a 620-fold purification over the starting material. The ammonium 
sulfate concentration-gradient elution technique is a modification of the 
method of Schwimmer (4). The protein was applied as an ammonium sul- 
fate-precipitated suspension to the top of a column of Hyflo Super-Cel and 
was eluted by the gradual dilution of a 65 per cent saturated ammonium 


TaBLeE [| 


Enzyme Activities on Fractionation of Serine and Threonine Dehydrases 
from Sheep Liver 


The values are given in micromoles of keto acid per mg. of protein per hour. 














Threoni Ratio, 

Material Serine activity oat threonine 

| serine 

Crude homogenate | 0.048 0.056 | Lif 
Heated homogenate (centrifuged) | 0.1% | 0.093 0.69 

(NH,).SO, fractions 

Ppt., 30% saturation | 0.155 0.058 | 0.37 

“ 3% “ 0.345 | 0.109 | 0.31 

* 40% - | 0.300 | 0.268 | 0.89 

“ 45% | 0.300 | 1.33 | 4.42 

« 50% es | 0.470 | 2.20 | 4.70 

“ 60% | 0.081 | 1.15 | 14.20 
Eluate, concentration-gradient | 0.970 34.6 | 35.6 





sulfate solution, buffered to pH 7.2, in the mixing chamber, in which the 
solution was kept thoroughly mixed by means of a magnetic stirrer. In 
this way the suspended protein and enzyme were eluted by a steadily de- 
creasing concentration of ammonium sulfate. The fractions were collected 
in test-tubes with a Technicon time flow fraction collector, a drop counter 
being employed and 125 drops being collected in each tube. Each tube 
was subsequently analyzed for protein concentration and for enzyme activ- 
ity. In Fig. 2 isa representative sample of the curves obtained. Two pro- 
tein peaks were obtained, one at the higher ammonium sulfate concentra- 
tion and another at a slightly lower concentration. In the first peak there 
was no enzymatic activity, while the activity closely followed the protein 
concentration in the second peak. According to subsequent ultracentrif- 
ugal analysis, the second peak is essentially a single protein, but is con- 
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taminated by a small amount of protein of lower molecular weight. This 
contamination is probably due to trailing of the first protein peak into the 
second, By more closely selecting the fractions retained, it was largely pos- 
sible to eliminate this contamination, leading to what is apparently a single 
protein. The high specific activity of this protein peak and the close co- 
incidence of the protein concentration and activity curves serve as an indi- 
cator of the purity of this preparation. Absolute purity has not been 
attained or established, but it is felt that a high degree of purity has been 
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Fic. 2. Ammonium sulfate concentration-gradient elution curves of threonine 
dehydrase protein prepared as given in Fig. 1. 


achieved. Insufficient material was available for the repeated fractiona- 
tions required to remove traces of other proteins and for the many ultra- 
centrifugal and electrophoretic analyses at different pH values required to 
achieve and establish the complete purity of the enzyme. 

Preparation of Mercury Crystals—A crystalline material was readily ob- 
tained from preparations of threonine dehydrase when Hg** (10-4 m) was 
added to a 10 per cent ethanol solution of the enzyme. The crystals ap- 
pear as blunt rods. They were insoluble in water, dilute salt solutions, or 
phosphate buffer, but were readily soluble in glycine buffer. The crystals 
were inactive enzymatically, and treatment with ethylenediaminetetraace- 
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tate (EDTA) or cysteine produced no activation; however, upon several 
occasions this material was reactivated by treatment with hydrogen sulfide. 
The activation is difficult to reproduce and cannot be repeated consist- 
ently. Maximal activity has never been obtained from the mercury crys- 
tals. The highest specific activity that has been obtained amounts to 73.5 
per cent of the activity of the enzyme preparation prior to crystallization. 

Considerable work remains to be done to clarify the status of the mercury 
crystals. At this point the problem is not only one of getting sufficient 
material to conduct kinetic studies, but also to retain it in a state that can 
be reactivated. The crystals cannot be reactivated after storage for much 
longer than a week or so. Upon prolonged standing (several months) the 
crystals revert to an amorphous protein material. 

Other Methods of Purification—Acetone and alcohol fractionation at low 
temperatures and alcohol and metal salt (5, 6) fractionations were tried, 
but were discarded as being too uneconomical of enzyme for a practical 
purification procedure. Calcium phosphate gel (7), protamine sulfate (8), 
alumina gel (9), charcoal, and IRA-400, XE-64, and MB-2 resins were all 
tried without success. 

Separation of Two Enzymes—The indication that two enzymes might be 
involved came from the varying ratios of threonine to serine activity in 
different preparations. Initial preparations have been found to vary as 
much as 10-fold in the amount of threonine dehydrase present, while the 
amount of serine dehydrase remained roughly constant for a given animal 
species, suggesting not only that two enzymes might be involved, but also 
that dietary influences might significantly alter the level of threonine de- 
hydrase. Indeed it has been found that the enzyme threonine dehydrase is 
an inducible enzyme, the formation of which is stimulated by the intra- 
peritoneal administration of the substrate to mice and rats (10). By fol- 
lowing the threonine-serine activity ratios through a typical fractionation 
procedure, clear evidence is indicated for the existence of two enzymes 
(Table I). 

Activation of Enzymes—Striking differences have been found in the effects 
of activators on serine and threonine dehydrases. In threonine dehydrase 
there was no activation by pyridoxal phosphate, Mg++, adenylic acid, or 
glutathione either in freshly prepared dialyzed solutions or in the most 
highly purified preparations obtained. On the other hand, pyridoxal phos- 
phate, adenylic acid, and glutathione each did produce a small activation 
in some lyophilized preparations (Table IT). 

In dialyzed serine dehydrase preparations, on the other hand, activation 
by pyridoxal phosphate, adenylic acid, and glutathione resulted, though 
not by Mg**. The combined activation by these three substances is 
greater than any single one alone, although the effect is not additive (Table 
III). Adenylic acid alone gave the highest activation. 
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Substrate Specificity—Serine dehydrase was found to be specific for L- 
serine only, and it did not attack p-serine, p- or L-threonine, pL-allothreo- 
nine, DL-homocysteine, pL-cysteine, or 6-phenylserine. 

The threonine dehydrase is specific for L-threonine and displays no ac- 
tivity against p-threonine, pt-allothreonine, p-serine, pL-homocysteine, DL- 














TaBLe II 
Experiments on Activation of Threonine Dehydrase 
Additions (Parte 
sats a ae ae | ex 
B-6 AMP | Glut. | 
Fresh, 45% (NH,).SO, ppt. - - | - | 3.7 
“45% “ “ + - - | 38 
“45% - ° - + | - | 38 
“ec 45% cc ce ae pn + | 3.7 
“é 45% ‘sé ‘é + + | + a9 
Column eluate - = i = fae | 
“ec “cc | + iat | a 35.7 | 
a ee | =- | + |] =| 36.6 | 
‘ ‘ } — | — | + | 35.7 | 
“4 i+ | + | + | oe ] 
| | 
Year-old preparation | — | — — | 0.49 | 
* “ | + — — | 0.58 | 18 
" 4 } — | + - 0.64 | 30 
} — | = + 0.50 | 
a - + | + + 0.62 | 26 
| 
Lyophilized preparation - - | — | 0.44 | 
- _ + -— i = 0.78 78 
- ts - * | = 0.72 64 
*: i _ —- | + 0.74 68 
' = . + + 0.69 59 
| | 





B-6, pyridoxal phosphate; +, 10-5 mu; —, absent. AMP, adenylic acid; +, 5 X 
10°*m; —, absent. Glut., glutathione; +, 10-3 mM; —, absent. The substrate con- 
tained 50 umoles of L-threonine; specific activity, micromoles of keto acid produced 
per hour per mg. of protein. 


cysteine, or 8-phenylserine. It decomposes L-serine slightly. The purest 
preparations obtained presented a threonine-serine activity ratio of 36:1. 
Whether the threonine dehydrase actually acts on L-serine to a limited 
extent or whether the threonine dehydrase preparations are slightly con- 
taminated with L-serine dehydrase is not now clear. The former explana- 
tion would be supported by the constant ratio of activity in the purest 
preparations and also by the fact that serine dehydrase appears to be much 
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less stable than threonine dehydrase; however, because of the similarity of 
properties of the two enzymes in many respects, it seems logical to assume 
that they would be difficult to separate. Contamination of the L-serine 











TABLE III 
Activation of Serine Dehydrase 
Additions ot 
Substrate, 50 zmoles | |————— —______—— Specific activity a - 
B-6 AMP Glut. 
JS aS oe oe | —— = 
L-Serine | _ ~ = | 0.12 1 
" |} + ~ - | 060 | 5.0 
. - + _ , 1.08 9.0 
‘ - mon = 0.61 5.1 
7 + + 0.86 7.2 








10“ m; —, absent. Glut., glutathione; +, 10-* m; —, absent. Specific activity, 
micromoles of pyruvic acid produced per hour per 0.2 ml. of enzyme preparation. 
* Ratio of activity to activity in absence of activators. 
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Fic. 4, Temperature-activity curve of threonine dehydrase 
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Fic. 5. Plot of log activity versus reciprocal of absolute temperature according 
to Arrhenius equation to determine activation energy. The dash line is the mathe- 
matically determined best straight line. 


Physicochemical Properties of Threonine Dehydrase 


Effect of pH—The pH-activity curve shows a rather shallow peak at pH 
7.4 with a broad range between about pH 7.2 and 7.6 (Fig. 3). Most of 
the experiments reported here were carried out at pH 7.2, which is within 
the optimal range. 
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Effect of Temperature—The optimal temperature of threonine dehydrase 
has been determined to be 55° (Fig. 4); this is somewhat higher than is 
usually found with enzymes of animal origin. 

The temperature-activity curves were determined at two different incu- 
bation times, so that an indication of the rate of denaturation could be 
obtained with increasing temperature. Duplicate samples were run at 15 
and 30 minute time intervals throughout the entire temperature range stud- 
ied. Average values were used in plotting each point in Fig. 4, though the 


Energy of 
Inactivation 


Log Percent Activity 


O6F | 


O4;- 


0.2} 





! i 
28 ao SO Fi 


1/T (Absolute) x 10° 


Fic. 6. Plot of log activity versus reciprocal of absolute temperature according 
to Arrhenius equation to determine energy of thermal inactivation of the enzyme. 





agreement among the results was excellent. All the samples were preincu- 
bated for 5 minutes before the addition of substrate, and the reaction was 
timed from that point. At the end of the incubation period the reaction 
was stopped with 0.5 ml. of 25 per cent trichloroacetic acid, and the sam- 
ples were assayed in the usual manner. The same enzyme preparation was 
used throughout so that the results would be strictly comparable. 

From the rate of decrease in activity between the 15 and 30 minute 
incubations, the 15 minute value was corrected to zero denaturation by 
making the assumption that denaturation in the first 15 minute period was 
equal to that in the second 15 minute time period. 
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From these corrected values, the apparent energy of activation of the 
threonine dehydrase reaction was determined by a plot of the Arrhenius 
equation (Fig. 5) and found to be 13,600 calories as calculated from the 
best straight line (dash curve, Fig. 5). The calculated value for the entire 
temperature range studied is 13,800 calories. 

The energy of inactivation of threonine dehydrase was estimated, in the 
absence of substrate, by determining the residual activity after exposure 
to heat for 5 minutes. The control value (enzyme solution with no heat 
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Fic. 7. Lineweaver-Burk plot to determine Michaelis-Menten enzyme-substrate 
dissociation constant. 
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100 


exposure) was accepted as 100 per cent (maximal activity), and the subse- 
quent results were expressed as the per cent maximal activity. Fig. 6 pre- 
sents a plot of the Arrhenius equation for the thermal inactivation of thre- 
onine dehydrase. The energy of inactivation has been calculated from this 
plot to be 70,300 calories per mole. 

Effect of Substrate Concentration—The initial reaction rates for the de- 
amination of threonine with increasing substrate concentrations were meas- 
ured. From these data the Michaelis-Menten constant for the reaction 
has been determined to be 2.9 X 10-? m from a Lineweaver-Burk plot 
(Fig. 7). 

Effect of Salt Concentration—Threonine dehydrase becomes highly un- 
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stable in solutions of low ionic strength. Dialysis against a phosphate 
buffer of 1 = 0.001 caused a 73 per cent loss of activity in 24 hours. The 
lowest concentration of phosphate buffer required to retain enzyme activity 
was 0.02 m for short periods and 0.05 m for indefinite storage. In dilute 
protein solutions, such as those obtained with the ammonium sulfate con- 
centration-gradient column, a fairly high salt concentration was essential 
to retain enzyme activity. The activity was lost rapidly on dialysis even 
against 0.1 m phosphate buffer, while in 30 per cent saturated ammonium 
sulfate (~1 m) the enzyme activity was practically all retained. 
Ultracentrifugal Analysis—In the ultracentrifugal patterns there was only 
one sedimenting protein boundary, with some indication of a slight con- 
tamination by another protein. The sedimentation constant was calcu- 
lated to be about 5.3 s. An accurate determination of s was not obtained, 
as this entails a study of the sedimentation velocity as a function of the 
protein concentration, and sufficient material for this was not available. 


DISCUSSION 


The finding that serine and threonine dehydrases appear to be separate 
enzymes has been fully discussed, but it is well to reemphasize this point. 
Both of the enzymes appear to require pyridoxal phosphate for maximal 
activity, which is in accord with previous findings; however, this has been 
difficult to demonstrate in the case of threonine dehydrase, probably owing 
to the stability of its binding under most conditions. 

Deoxypyridoxine, which has been found to inhibit pyridoxal phosphate- 
catalyzed reactions (12), does not have any inhibitory effect upon this re- 
action; however, this is not necessarily conclusive. Probably it would be 
necessary to form deoxypyridoxine phosphate (2 ,4-dimethyl-3-hydroxy-5- 
pyridylmethy] phosphate) and to promote an exchange reaction between 
this compound and pyridoxal phosphate on the enzyme before any such 
inhibition could be observed. It is conceivable that an energy source as 
well as a special enzyme system would be required for this synthesis and 
for this exchange to take place, and no source of high energy phosphates is 
provided in the system studied. 

Threonine dehydrase appears not to require Mg** as an activator. After 
prolonged dialysis of the enzyme, addition of Mg** caused no stimulation 
of the reaction and in some instances produced an inhibition. In addition 
the reaction proceeded normally in EDTA solution, which is a good chelat- 
ing agent for this cation (13). 

The observed activation by adenylic acid remains unexplained, and no 
plausible hypothesis occurs to the authors. 

The function of glutathione is probably the maintenance of enzyme sulf- 
hydryl groups in the reduced condition, although more thorough evidence 
is required to prove this convincingly. 
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SUMMARY 


1. Preparations of serine and threonine dehydrases have been obtained 
from sheep liver. The methods of preparation and studies of their action 
and properties have been reported. A purification of 620-fold over the 
starting material was obtained in the case of threonine dehydrase. 

2. Serine and threonine dehydrases appear to depend upon pyridoxal 
phosphate for prosthetic groups, though this was much more difficult to 
demonstrate in the latter case than in the former. 


3. Adenylic acid and glutathione have also been shown to be activators 
for both enzymes under certain conditions. 


4. No evidence of a requirement for magnesium or other metal ion was 
obtained for either of these two enzymes. 


5. Measurements of certain physicochemical properties of threonine de- 
hydrase have been carried out. 
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STUDIES ON AMYLASE SYNTHESIS BY 
PIGEON PANCREAS SLICES* 


By EZZAT 8. YOUNATHAN anp EARL FRIEDEN 


(From the Department of Chemistry, Florida State University, 
Tallahassee, Florida) 


(Received for publication, June 14, 1955) 


The production of specific proteins in tissue slices seems to be a promising 
approach for investigating the problem of protein synthesis. However, 
only a few such systems have been reported in the literature. Peters and 
Anfinsen (2) reported the net synthesis of serum albumin by chicken liver 
slices. The production of amylase by pigeon pancreas slices was observed 
by Hokin (3, 4). In later publication, Schucher and Hokin (5) described 
the net synthesis of lipase and ribonuclease by the same system. Dhungat 
and Sreenivasan (6) reported the synthesis of xanthine oxidase by slices 
from rats in which protein had been depleted. Although for a long time 
the formation of antibodies by tissue slices has been difficult to demon- 
strate, it was finally achieved by Ranney and London (7). Recently, 
Gale and Folkes (8) described the first cell-free system capable of synthe- 
sizing specific proteins under appropriate conditions. The system was 
obtained by disruption of a suspension of Staphylococcus aureus by super- 
sonic vibration. 

Among the systems obtained from higher animals, that of the pigeon 
pancreas offers several advantages (3). The ease of depletion, the rapid 
rate of protein production, the dependence of the latter on a complete 
supply of amino acids (4), and the convenience of assaying the enzyme in 
question make this system a suitable one. 

In this communication, the effect on amylase synthesis of nine amino 
acid analogues, some antibiotics and hormones, and other chemical factors 
is reported. All of the amino acid analogues tested were found to inhibit 
amylase production. 


EXPERIMENTAL 


For the preparation and incubation of pigeon pancreas slices, the pro- 
cedure described by Hokin (3, 4) has been followed with some modifica- 


* Supported in part by a research grant No. C-2375 from the United States Public 
Health Service. This paper is part of a dissertation submitted by Ezzat 8. Youna- 
than in partial fulfilment of the requirements for the degree of Doctor of Philosophy 
at Florida State University. A preliminary abstract has been presented at the 39th 
annual meeting of the Federation of American Societies for Experimental Biology, 
San Francisco, April, 1955 (1). 
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tions. Approximately 2 hours prior to sacrifice, the pigeon was injected 
with 0.05 mg. of carbamylcholine; 1 hour after the first injection, an equal 
dose was administered. This procedure was found to be effective for 
depleting the pancreas of amylase. Slices (25 to 50 mg. each) from both 
lobes were made with a Stadie-Riggs tissue slicer (9). The tissue was 
washed for about 15 minutes with three changes of cold Krebs-Henseleit 
(10) saline solution under continuous oxygenation. Each slice was then 
blotted, rapidly weighed on a torsion balance, and transferred to the incu- 
bation medium of 3 ml. volume. Three separately incubated slices from 
a pigeon were used for each experiment. The tissue and medium were 
incubated for 3 hours at 40° in a Dubnoff metabolic shaking incubator. 
After incubation, the slice and the medium were homogenized together 
and made up to 10 ml. with cold distilled water. Freshly prepared Krebs- 
Henseleit saline, containing 0.2 per cent glucose and saturated with a mix- 
ture of 95 per cent oxygen and 5 per cent carbon dioxide, was used for pre- 
paring all incubation media. 

After the proper dilution of each incubation mixture, the total amylase 
units were determined by the colorimetric method of Smith and Roe (11) 
as modified by Hokin (4). After 30 minutes, 2 ml. of the reaction mixture 
were pipetted into a 250 ml. volumetric flask containing 200 ml. of 0.0125 
N hydrochloric acid. The color was developed with 1 ml. of 0.3 per cent 
iodine solution and the solution made up to volume. A control solution 
containing the substrate but no enzyme was treated identically. The 
blue color of the iodine-starch complex conforms to the Beer-Lambert 
law over a wide range of starch concentration, the No. 66 red filter being 
used. Under these conditions, 1 Klett unit corresponds to 0.332 mg. of 
starch. An amylase unit is defined as the amount of enzyme that, under 
the conditions of this procedure with 60 mg. of Lintner’s soluble starch 
present, will hydrolyze 10 mg. of this substrate in 30 minutes. Thus the 
amylase units of any sample can be calculated according to the following 
formula: amylase units per mg. of initial dry weight of pancreas = (((con- 
trol reading — sample reading) X 0.332 X dilution factor)/(initial dry 
weight of tissue slice in mg. X 10)). 

The increase in total amylase activity upon incubation of the pancreas 
slices is considered to arise from net synthesis, although evidence for such 
a conclusion is only indirect. 

Nitrogen Source—The amino acid requirement for amylase synthesis by 
pigeon pancreas slices has also been investigated by Hokin (4). Enhance- 
ment of the synthetic process by an exogenous source of amino acid is 
evident from the data of Experiment 1, Table II. Thus, while slices incu- 
bated in plain saline showed an average net increase of 14.6 amylase units 
(from the endogenous amino acid pool), those incubated in 0.2 per cent 
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d casein hydrolysate gave an average net increase of 61.7 units. However, 
al further addition of Witte’s peptone, casein, L-glutamine, or glutathione 
or (0.1 per cent) to 0.1 per cent casein hydrolysate did not cause further 
h elevation in amylase production. A mixture of nineteen purified amino 
is acids, listed in Table I, and somewhat similar to the composition of casein! 
it (12), gave an amylase yield close to that obtained with casein hydrolysate. 
n A concentration of 0.1 per cent casein hydrolysate in the incubation medium 
a- proved to be the minimal concentration which can sustain the maximal 
m rate of amylase production. Unless otherwise mentioned, the purified 
re amino acid mixture was used at this concentration for most of the subse- 
vr. quent experiments. From these data it is concluded that, for the system 
i TABLE | 
*" Composition of Amino Acid Mizture 
re- Con- Con- 
Amino acid pokeed ee Amino acid Ry 
dium* dium* 
ise 
1) per cent 10-* per cent 10 uw 
ire L-Arginine hydrochloride. . 2.8 1.3 | pu-Methionine....| 4.0 2.7 
25 i-Histidine “9 a 1.9 0.9 L-Cystine. ee ae 0.1 
u-Lysine hydrochloride.....| 5.0 2.7 | pu-Serine......... 6.9 6.6 
nt pL-Tryptophan............. 4.1 2.0 | u-Glutamic...... 11.1 7.5 
on pL-Threonine. ... 4.5 3.8 | pi-Aspartic....... 7.2 5.4 
‘he pi-Leucine................ 14.6 11.1 | pu-Alanine.......| 6.4 7.2 
ert pi-Isoleucine.............. 7.4 5.6 | Glycine...........| 0.3 0.4 
a 8.1 6.9 | u-Proline........| 4.7 4.1 
ng pu-Phenylalanine...........| 6.0 3.6 | L-Hydroxyproline.| 1.2 0.9 
of Oe 3.7 2.0 
der 
rch *0.1 per cent (weight per volume) solution of the amino acid mixture. 
a in question, no other nitrogen source is superior to a balanced mixture of 
os! essential and non-essential amino acids. 
ae Effect of Maltose, Starch, and Energy Source—There are some examples 
: in the literature (13) which indicate that the activity of a constitutive 
_ enzyme could be raised by the administration of its substrate. On trying 
ail to extend this observation in Experiment 5, Table II, it was observed that 
the incorporation of maltose or soluble starch in the medium did not en- 
by hance amylase production. The slight inactivation noted probably arises 
wea from product inhibition of the amylase activity rather than being a direct 
1 is effect on the synthetic process. 
wal In agreement with Hokin (3), we have also observed a strong oxygen 
nits 1 Twice the amount of the amino acid was incorporated when the pt form was 
-ent used. 
KUM 
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dependence of amylase synthesis (Table II, Experiment 6), probably owing 
to a requirement for energy from active respiration. Preliminary experi- 
ments indicate that when fructose-1,6-diphosphate (FDP; 8 X 10-* m) 


TABLE II 


Synthesis of Amylase by Pigeon Pancreas Slices under Various 
Conditions of Incubation 




















Experiment Medium cor ne al oa at | apie pao 
7 pancreas synthesized 
1 Unincubated 12.9 (1.4)* 
Saline 27.5 (2.7) 14.6 
Casein hydrolysatet (CH) (0.2%) 74.6 (4.1) 61.7 
CH (0.1%) + Witte’s peptone (0.1%) 70.1 (5.9) 57.2 
** (0.1%) + casein (0.1%) 72.8 (5.5) 59.9 
19 amino acid mixture (0.2%) 68.8 (1.3) 55.9 
5 Unincubated 46.6 (2.2) 
Saline 76.5 (6.0) 29.9 
AAt 113.8 (5.1) 67.2 
“* + maltose (0.2%) 100.2 (7.6) 53.6 
“* + soluble starch (0.2%) 94.2 (6.9) 47.6 
6 Unincubated 33.5 (4.3) 
Oxygen§ + AAt 115.1 (7.4) 81.6 
Nitrogen|| + AAt | 45.4 (4.2) | 11.9 
« + “ + FDP + ATP | 54.7 (4.1) | 21.2 
18 Unincubated 20.3 (2.2) 
Saline 49.2 (4.0) 28.9 
AAt | 93.4 (6.0) 73.1 
“* + penicillin G (83 y per ml.) | 91.9 (5.6) 71.6 
a * “© (333 y per ml.) 80.2 (3.5) 59.9 
20 Unincubated | 43.5 (2.6) 
Saline 63.8 (1.3) 20.3 
AAt 99.3 (2.2) 55.8 
‘* + purine-pyrimidine mixture | 107.0 (4.9) 63.5 








* The figures in parentheses denote the standard deviation for three slices from 
the same pigeon. 

t Composed of 111 gm. of casein hydrolysate (Matheson) + 3 gm. of pL-trypto- 
phan. 

t AA denotes the nineteen amino acid mixture (Table I) used at a concentra- 
tion of 0.1 per cent (weight per volume) in the incubation medium. 

§ 95 per cent oxygen-5 per cent carbon dioxide. 

|| 95 per cent nitrogen-5 per cent carbon dioxide. 


and adenosine triphosphate (ATP; 2 X 10-* m) were added to the medium 
to provide an alternative source of energy, a small but significant increase 
in amylase was found. Similar results were obtained for protein synthesis 
in Ehrlich ascites cells by Rabinovitz et al. (14). 
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Effect of Some Amino Acid Analogues—The amino acid analogues tested 
were p-fluorophenyl-pt-alanine (p-FPA);? 6-3-thienyl-pL-alanine (8-3T A) ; 
pt-methallylglycine (MAG);* y-chloro-pL-allylglycine (y-CAG);* p1-pro- 
pargylglycine (PG);' propargyl-L-cysteine (PC);‘ w-trifluoro-a-amino- 


TasB_e III 
Effect of Some Amino Acid Analogues on Amylase Synthesis by Pigeon Pancreas Slices 


























Espeziment | sodium a pe 
pancreas synt esis 
8 Unincubated 18.8 (1.7)f 0 
Saline 42.3 (3.4) 30 
AAT 96.4 (8.7) 100 
‘¢ + MAG (1 X 10°? m) 74.4 (3.8) 72 
« + y-CAG 58.2 (4.8) 51 
¢ + p-FPA | 49.6 (3.8) 40 
9 Unincubated 20.3 (2.2) 0 
Saline 49.2 (4.0) 40 
AAt 93.4 (4.8) 100 
“¢ + B-3TA (1 X 1073 m) 73.1 (4.9) 72 
‘¢ + p-FPA (1 X 10-3 m) 52.3 (2.8) 44 
“* + PG (1 X 10°? m) 47.3 (3.6) 37 
11 Unincubated 31.0 (3.1) 0 
Saline 54.8 (5.1) 29 
AAt 113.8 (8.2) 100 
“* + TFAH (2 X 1073 m) 87.7 (7.0) 68 
‘“* + TFT (2 X 10-3 m) 71.4 (3.1) 49 
| * + p-FPA (2 X 1073 mM) 64.5 (2.3) | 40 
12 Unincubated 24.0 (0.9) 0 
Saline 41.0 (3.5) 26 
AAt 89.8 (5.3) 100 
“ + PC (1 X 10-3 mM) 82.7 (5.6) 89 
13 Unincubated 58.4 (1.6) 0 
Saline 96.8 (7.5) 40 
‘¢ + ethionine (1 X 107? m) 80.5 (5.9) 23 
AAt 155.2 (7.3) 100 
‘* + ethionine (1 X 10-3 m) 139.1 (4.7) 83 
a 2 : (1 X 10-2 m) 96.5 (8.6) 39 
' U 





* Per cent amylase synthesis = ((A — C)/(B — C)) X 100, where A = the amy- 
lase units found in a particular experiment; B = the amylase units observed with 
the AA mixture; and C = the amylase units observed with the unincubated control. 

t The figures in parentheses denote the standard deviation for three slices from 
the same pigeon. 

t See foot-note, Table I. 





*Supplied by Dr. M. Rabinovitz, Department of Physiological Chemistry, Uni- 
versity of California School of Medicine. 

’ Supplied by Dr. K. Dittmer of this Department. 

‘Supplied by Dr. T. R. Norton, Agricultural Chemical Division, Dow Chemical 
Company, through Dr. K. Dittmer. 
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hexanoic acid (TFAH);° w-trifluoro-pL-threonine (TFT) ;5 and pt-ethionine, 
The effect of the addition of an amino acid analogue is expressed as the 
per cent amylase synthesis compared with the synthesis in the presence 


TABLE IV 


Effect of p-Fluorophenyl-pu-alanine and Fluoride Ion on Amylase Synthesis 
by Pigeon Pancreas Slices 

















Experiment Medium SS Se 
pancreas | synthesis* 
14 | Unincubated 47.6 (2.8)t | 0 
Saline 64.2 (3.4) | 36 
18 AAt 93.3 (4.2) 100 
18 “ + p-FPA (1 X 10-3 m) 60.9 (4.0) | 29 
iw“ + “ (1X 107? Mm) 49.3 (3.8) | 4 
15 Unincubated 41.5 (2.4) | 0 
| Saline | 654.3 (2.8) | 44 
18 AAt | 70.6 (4.2) | 100 
| 18 “ + p-FPA (1X 10m) | 50.7 (2.8) 31 
3s“ + “© (xX10?m) | | 
PA (3 X 10-3 m) | 67.2 (2.7) 88 
16 Unincubated 29.0 (2.2) 0 
Saline | 75.7 (6.2) 60 
18 AAt | 106.1 (4.2) | 100 
18 “ + NaF (1X 10°m)+ | 104.4 (6.3) 98 
17 | Unincubated | 26.8 (2.9) 0 
Saline 50.3 (4.6) 100§ 
“« +4 p-FPA (1X 10M) | 40.8 (4.6) | 60 
oc 4+ * (1X 10%m) | 36.6 (4.2) | 42 
«4+ “© (6X 10%m) | 30.2 (3.0) | 15 





| \ 
\ 





* Per cent amylase synthesis = ((A — C)/(D — C)) X 100, where A = amylase 
units found in a particular experiment; D = amylase units observed with an 18 AA 
mixture, except in Experiment 17 where amylase synthesis in saline is taken as 
100 per cent (see §); C = amylase units observed with the unincubated control. 

+ The figures in parentheses denote the standard deviation for three slices from 
the same pigeon. 

t Identical in composition with the amino acid mixture of Table I except for the 
elimination of pt-phenylalanine. For Experiments 14, 15, and 16, this mixture was 
used at a concentration 0.10 per cent (weight per volume) in the incubation medium. 


of an optimal amino acid mixture or a modified amino acid mixture as 
defined in Tables ITI and IV. 

As summarized in Table III, each of the nine analogues inhibited the 
increase of amylase activity observed on incubation. pi-Propargylglycine 
was the most potent and propargyl-L-cysteine was the least effective. 


5 Supplied by Dr. H. M. Walborsky of this Department. 
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The results of Experiment 17 in Table IV indicate that amylase synthesis 
from the endogenous amino acid pool is also inhibited by p-fluorophenyl- 
pL-alanine. 

The elimination of pt-phenylalanine (PA) from the amino acid mixture 
increased the susceptibility of the system to the action of p-fluorophenyl- 
pL-alanine (Experiment 14). The amount of inhibition was proportional 
to the concentration of p-fluorophenyl-p1L-alanine (Experiments 14 and 17). 
The limitation was substantially reversed by pi-phenylalanine (Experi- 
ment 15). That the reduction of amylase synthesis is probably due to 
the action of the analogue per se and not to fluoride ions released from the 
analogue by defluorination is suggested by the data of Experiment 16, 
Table IV. Fluoride ion at 1 X 10-* m had no significant effect on amylase 
production. 

None of the nine amino acid analogues interfered with the action of 
amylase on starch at the concentrations used in these experiments. Thus 
there was no direct effect on the determination of the amylase activity. 

Effect of Hormones, Antibiotics, Aminopterin, and a Mixture of Purines 
and Pyrimidines—When triiodothyronine (1 xX 10-* mo), testosterone 
(1 X 10-* m), hydrocortisone (1 X 10-* m), chloramphenicol (1 X 10-* m), 
Terramycin (1 X 10-* m), or Aminopterin (1 X 10-* m) was incorporated 
in the incubation medium, no significant change in the rate of amylase 
production was observed. Penicillin G showed an inhibitory effect only 
at comparatively high concentrations (Table II, Experiment 18). Addi- 
tion of a mixture of seven purines and pyrimidines (hypoxanthine, xan- 
thine, guanine, adenine, uracil, thymine, and cytosine at 27 y of each, in 
1.0 ml. of medium) caused only statistically marginal enhancement of 
amylase production (Table II, Experiment 20). 


DISCUSSION 


Fernandes and Junqueira (15) recently reported that they were unable 
to observe any increase in amylase activity after incubating pigeon pan- 
creas slices under the conditions described by Hokin (3, 4). However, no 
difficulty was encountered in the course of the present investigation in 
reproducing Hokin’s work when amylase was thoroughly depleted from 
the pancreas. Two or three small doses of carbamylcholine, extended 
over a 2 hour period, were found to be more effective for depletion than 
one large dose. 

Hokin gave several criteria, although indirect, to support the view that 
the observed increase in total amylase activity represents a net synthesis 
de novo rather than an activation of an enzymatically inactive protein. 
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The inhibition of the increase in amylase activity by any of the nine amino 
acid analogues tested is another criterion in favor of this view. Experi- 
ments are under way to obtain direct evidence for synthesis de novo in this 
system. 

Boissonnas found that methionine was the only ‘essential’ amino acid 
lacking in a-amylase, and, in agreement with this observation, Hokin (4) 
reported that this amino acid was not required for maximal synthesis of 
the enzyme by pigeon pancreas slices. Recently Farber et al. (16) found 
that, in the intact rat, ethionine had no detectable effect on the rate of the 
repletion of amylase in the depleted pancreas in 5 to 7 hours, but unex- 
pectedly caused a 50 to 75 per cent increase in enzyme synthesis in 24 to 
48 hours. An inhibitory effect of ethionine on amylase production, ob- 
served in this work, is reported in Table III, Experiment 13. The dis- 
crepancy between these findings and those of Farber et al. may be due to 
a difference in the duration of the experiment, the concentration of ethi- 
onine, the difference in animal used, or the variation between physiological 
conditions of the intact animal and of the incubated slices. Pertinently, 
Caldwell et al. (17) reported that swine pancreatic amylase contains 2.1 
per cent of methionine. 

Chloramphenicol, Terramycin, and penicillin were shown to interfere 
with protein and enzyme synthesis in some microorganisms (18-20). The 
inactivity of these antibiotics in the present system may be attributed to 
lack of permeability, decomposition of the antibiotic, or a difference be- 
tween the mechanism of enzyme synthesis in microorganisms and in higher 
animals. Further work is needed to indicate the most probable explana- 
tion. 

With use of P**-phosphate, Hokin and Hokin (21) concluded that enzyme 
synthesis by pancreas slices is not paralleled by active nucleic acid synthe- 
sis. The marginal results obtained in the present experiments with the 
addition of the purine-pyrimidine mixture and the insensitivity of the 
system to Aminopterin seem to support this view. 


SUMMARY 


1. The increase in amylase activity by the incubation of depleted pan- 
creas slices under suitable conditions was confirmed. Further observations 
on nitrogen source and other biochemical parameters have been reported. 

2. Nine amino acid analogues were tested and found to inhibit the in- 
crease in activity upon incubation. p1i-Propargylglycine was one of the 
most effective analogues. p-Fluorophenyl-pt-alanine also strongly in- 
hibited amylase synthesis from the endogenous amino acid pool. This 
latter inhibition was strongly reversed by pi-phenylalanine. 

3. Some hormones, antibiotics, and a mixture of purines and pyrimidines 
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10 produced no effect, or only statistically marginal enhancement of amylase 
‘i. synthesis by pigeon pancreas slices. 


The authors gratefully acknowledge the generous donation of the amino 





id acid analogues as indicated in the footnotes. Appreciation is also due to 
4) the Research Council of the Florida State University for providing some 
of equipment. 
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ISOLATION AND PROPERTIES OF A REDUCED DIPHOSPHO- 
PYRIDINE NUCLEOTIDE DERIVATIVE* 


By STERLING CHAYKIN,{} JOSEPHINE 0. MEINHART,{ 
AND EDWIN G. KREBS 
(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, November 7, 1955) 


Triose phosphate! dehydrogenase catalyzes the conversion of DPNH to 
a derivative of unknown structure designated temporarily as DPNH-X 
(1, 2); certain polybasic anions such as pyrophosphate, phosphate, and 
citrate act as cofactors in this reaction. DDPNH-X has no absorption band 
at 340 my but exhibits a marked increase in absorption in the region of 
280 to 300 mu. DPNH-X formation has also been detected in a stu dy of 
the DPNH oxidase reaction (3). Yeast alcohol dehydrogenase and heart 
lactic dehydrogenase do not catalyze the formation of DPNH-X (1). 

It was believed at first that DPNH-X was identical with the primary 
product formed by the action of dilute acid on DPNH (4-10, 1); however, 
it is known now that slight spectral differences exist between the two de- 
rivatives. Moreover, DPNH-X can be converted back to DPNH in an 
enzymatic reaction requiring ATP (2, 11), whereas the product from the 
acid-catalyzed reaction does not react in this system. Bachur and Kaplan 
have found that DPNH-X can support the growth of Hemophilus parain- 
fluenzae to a slight extent (12), but the product or products of acid de- 
composition of the reduced pyridine nucleotide cannot. Earlier, Gingrich 
and Schlenk (13) had found that DPNH treated with acid did not support 
growth of Hemophilus influenzae. 

This paper is concerned with the isolation and purification of DPNH-X 
and with a study of the structure and properties of this compound. Prop- 
erties of the products produced by acid catalysis are compared with those 


* This investigation was supported in part by a research grant (No. RG-3844) from 
the National Institutes of Health, Public Health Service, and in part by the Initia- 
tive 171 Research Fund of the State of Washington. 

7 Present address, Department of Surgical Metabolism, Army Medical Service 
Graduate School, Walter Reed Army Medical Center, Washington 12, D. C. 

t Public Health Service Research Fellow of the National Institute of Arthritis 
and Metabolic Diseases. 

1 The following abbreviations or contractions are used: triose phosphate, glyceral- 
dehyde 3-phosphate; DPN, diphosphopyridine nucleotide; DPNH, reduced diphos- 
phopyridine nucleotide; ATP, adenosine triphosphate; ADPR, adenosine diphos- 
phate ribose; Tris, tris(hydroxymethyl)aminomethane. 
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of DPNH-X. The following paper (11) deals with the enzymatic conver- 
sion of DPNH-X to DPNH. 


Materials and Methods 

DPN was purchased from the Pabst Laboratories, Milwaukee, Wis- 
consin. DPNH was prepared by reduction with alcohol dehydrogenase 
according to the method of Pullman ef al. (14), and purified as the barium 
salt by the method of Lehninger (15) or as the Tris salt by the method of 
Loewus ef al. (16). Crystalline yeast triose phosphate dehydrogenase 
was prepared as described previously (17). Nucleotide pyrophosphatase 
and adenylic deaminase were prepared by the procedures of Kornberg 
and Pricer (18) and Kalckar (19), respectively. Crystalline yeast alcohol 
dehydrogenase was obtained from the Worthington Biochemical Corpora- 
tion, Freehold, New Jersey. 

Ribose was determined by the orcinol reaction as described by Taylor 
et al. (20), nitrogen by the micro-Kjeldah] method by the use of the appa- 
ratus described by Markham (21), and phosphorus by the method of Fiske 
and Subbarow (22). 

The method of Schlenk and Schlenk (23, 24) for the selective catalytic 
hydrogenation of the nicotinamide moiety of DPN was followed. A col- 
loidal palladium solution, stabilized by polyviny! alcohol, was used as the 
catalyst (25). Hydrogenation reaction mixtures contained 1.0 ml. of pal- 
ladium catalyst and 1.0 ml. of 0.1 m borate buffer, pH 9.2. 

Paper chromatography was carried out with either Whatman No. | or 
No. 3 paper at room temperature with the ascending technique and sol- 
vent systems as noted. The papers were air-dried, examined under ultra- 
violet light, and sprayed with the appropriate reagent to detect organic 
phosphate (26) or reducing sugar (27). It was possible to identify DPN 
and DPNH directly on the paper by application of a drop of an appropri- 
ate enzymatic reaction mixture to the spot in question. If a mixture of 
alcohol, aleohol dehydrogenase, and buffer, pH 9.0, was applied to a DPN 
spot, a strong fluorescence appeared within a few seconds, indicating forma- 
tion of DPNH, or if a solution containing acetaldehyde, alcohol dehydro- 
genase, and buffer, pH 7.0, was applied to a fluorescent DPNH spot, a 
blue quench area appeared, indicating oxidation to DPN. 

Isolation of DPNH-X—It is necessary to use a high concentration of 
triose phosphate dehydrogenase to catalyze the formation of DPNH-X, 
since the turnover number of the enzyme in this reaction is small (1). 
The reaction is carried out at pH 6.0 rather than at the pH optimum of 5.0, 
because of the instability of DPNH-X at the lower pH. Even at pH 6.0 
it is important to avoid prolonging the period of incubation. In the prepa- 
ration described below, the reaction was stopped when 85 per cent of the 
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initial absorption at 340 my had disappeared; as a consequence, the iso- 
lated product contained some unchanged DPNH. In other preparations 
the reaction was allowed to continue until minimal 340 my absorption 
values were reached, but in these instances the isolated DPNH-X was 
contaminated with some acid modification product. A typical prepara- 
tion was carried out as follows. 

To 500 mg. of the Tris salt of DPNH dissolved in 10 ml. of H.O were 
added 57 ml. of a solution containing 2.0 gm. of yeast triose phosphate 
dehydrogenase (twice recrystallized) and 25 ml. of 0.1 m maleate buffer, 
pH 6.0. To this solution were added 25 ml. of 0.15 m pyrophosphate buf- 
fer, pH 6.0, to start the reaction, which was carried out at 25°. At inter- 
vals, aliquots were removed and diluted with 0.05 m NaHCO; for meas- 
urement of absorption at 340 mu. After 20 minutes, 25 ml. of a solution 
containing an additional 0.9 gm. of triose phosphate dehydrogenase were 
added to the reaction mixture. After 57 minutes the rate of decrease in 
absorption at 340 my had declined appreciabiy, and the reaction was 
stopped by the addition of 2.5 ml. of 5 n NaOH to adjust the pH of the 
solution to 8.5. 2.5 ml. of 2.0 m BaBrz were added and the resulting pre- 
cipitate was removed by centrifugation and discarded. To the super- 
natant fluid (154 ml.) was added 1 volume of 95 per cent ethanol (30°). 
The reaction mixture was cooled in ice, and the precipitate was removed 
by centrifugation and discarded. Additional BaBr, was added to the 
supernatant fluid until no further precipitation occurred (2.5 ml.), and the 
precipitates were discarded.? 5 volumes of absolute ethanol (—15°) were 
added to the clear supernatant solution, and the flocculent precipitate of 
the barium salt of DPNH-X appeared. The suspension was stored at 
—20° for 24 hours, and the precipitate was collected by centrifugation. 
The DPNH-X was washed with cold absolute alcohol, alcohol-ether (1:1), 
and ether, dried in vacuo over paraffin and CaCls, and stored in a desiccator 
at 4°. Yield, 186 mg. of Ba DPNH-X; Eog5/ E90 ratio of 2-52. The iso- 
lated sample contained 2 per cent DPN and 15 per cent DPNH. 


EXPERIMENTAL 


Extinction Coefficients—The absorption spectrum of DPNH-X was pre- 
sented in a previous publication (1). In Table I the values of the molar 
extinction coefficients of DPNH-X at several wave-lengths are expressed 
in comparison with those for DPN and DPNH. The absorption maximum 
of DPNH-X is at 265 mu. The point of maximal difference between the 
absorption of DPNH-X and DPN or DPNH is approximately 290 mu. 


*The three precipitates discarded include inorganic barium salts and the triose 
phosphate dehydrogenase. It is likely that significant losses of DPNH-X occur in 
these steps owing to coprecipitation. 
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The values for DPNH-X in Table I were obtained directly from meas- 
urements on reaction mixtures in which the derivative was formed from 
DPNH. However, in the spectrum of the isolated barium salt of DPNH-X 
are found the same relative absorption values at the different wave- 


TaBLeE I 
Molar Extinction Coefficients X 10-* 








Substance | 260 mu 265 mu 290 mu 340 my 
——_—_—|— ‘ —— ———____ -.—____ 
DPNH-X*..........) 27.641.1 | 8741.2 | 13.5409) 02401 
DPNH....... 17.5t | | 2.1% | 6.228 
OPM........ | 19.6¢  0.8t 


Acid product||...... | 25.0 | 25.8 | 15.0 0.2 





* Averages of three measurements carried out directly on reaction mixtures after 
the conversion of DPNH to DPNH-X in the presence of triose phosphate dehydro- 
genase at pH 5.1. The values are corrected for the absorption of traces of DPN 
present in the DPNH used. The spectrum of DPNH-X is essentially the same 
between pH 5 and 8. 

t After Velick et al. (28). 

t Based on measurements in this laboratory. 

§ Value of Horecker and Kornberg (29). 

|| Primary acid modification product of DPNH. 


TABLE II 
Analysis of DPNH-X 


The results are expressed as moles per mole of DPNH-X, assuming a molecular 
weight of 872 for the isolated vacuum-dried barium salt.* 














Determination Found Calculated 
= 
(AE ee See ey eee T eae! 6.9 7 
EE EE STS | 2.3 2 
eh PRT Se ee te ee | 2.1 | 2 
ee ee ee 0.8 1 


* Corresponds to a compound with the composition C2;H.2;0,,N;P:Ba-4H,0 (15). 

+ After splitting with nucleotide pyrophosphatase. The conditions for the pyro- 
phosphatase reaction were the same as those described by Kornberg and Pricer for 
the splitting of DPN or DPNH (18). 





lengths. Molar extinction coefficients have not been determined on the 
latter material, since the exact composition of the salt is unknown. 
Analytical Data—The isolated barium salt of DPNH-X was analyzed 
for components as presented in Table II. The results indicate that 
DPNH-X has the same general structure as DPNH; 7.e., the various moie- 
ties of the dinucleotide are all present. No nitrogen is lost when DPNH-X 
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is formed from DPNH. The analyses show also that DPNH-X contains 
no extra phosphate. 

As mentioned earlier (1) experiments showed that no incorporation of 
p® into DPNH-X occurred when this derivative was formed from DPNH 
in the presence of P*-orthophosphate. These experiments have been 
repeated with both P*-orthophosphate and P*-pyrophosphate to activate 
the formation of DPNH-X in the presence of yeast triose phosphate de- 
hydrogenase. DPNH-X was separated from the inorganic phosphates 
by paper chromatography. Again no evidence for incorporation of the 
isotope was found. 

Electrophoresis—DPN, DPNH, and DPNH-X were found to migrate 
as single spots for distances of 0.70 cm., 2.55 em., and 2.75 em., respec: 
tively, toward the positive electrode by paper electrophoresis at pH 8.0 
(duration 3 hours; initial current 13.2 ma. per 26.5 em. width; potential 
140 volts; temperature 27°). The apparatus used was similar to that 
described by Durrum (30); 0.1 « Veronal-NaCl buffer (31) was employed. 
This result indicates that the net negative charge of DPNH and DPNH-X 
at pH 8 is probably identical with and greater than that for DPN. Data 
on equilibrium for oxidation-reduction reactions involving DPN (32, 33) 
show that, in the region of pH 7 to 9, 1 hydrogen ion is released when DPN 
is reduced. It would appear reasonable that the net charge of DPN in 
this region is —1, since by analogy with the ionization of ATP (34) the two 
phosphates would furnish two negative charges and the quaternary nitro- 
gen one positive charge. DPNH and DPNH-X would each have a net 
charge of —2. An attempt was made to determine the pK’ value of the 
tertiary ring nitrogen in DPNH-X and DPNH by titration; however, the 
instability of these compounds in acid made this impossible. Neither com- 
pound appeared to have any titratable group in the region of pH 5 to 10. 

Reactions of DPNH and DPNH-X in Acid—lt is possible to recognize 
several steps in the acid-catalyzed reaction of DPNH that occurs at room 
temperature (1, 7, 35). Of particular interest in relation to DPNH-X is 
the product that results when DPNH is incubated for 1 to 2 hours at pH 
4. This derivative, referred to previously as the primary acid modifica- 
tion product (1), has a spectrum almost identical with that of DPNH-X. 
The slight differences that can be noted consist of a lower peak at 265 my 
and an elevated shoulder in the region of 290 to 300 mu (Table I). In an 
earlier publication (1) these differences were illustrated but were thought 
not to be significant. The primary acid modification product is inactive 
in the enzymatic system that converts DPNH-X back to DPNH (11). 
DPNH-X is converted to the primary acid modification product by incu- 
bation at pH 3.0 to 4.0; this reaction is conveniently followed spectrophoto- 
metrically at 300 my (Fig. 1). No DPNH-X has been detected as an inter- 
mediate when DPNH is treated with acid. 
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If the primary acid modification product is incubated at pH 1.0 to 2.0, 
a rapid drop in 290 mu absorption occurs. During the reaction the pH 
rises slightly, indicating the formation of a new basic group. The product 
or products still have greater absorption in the 290 mu region than can be 
accounted for by adenine alone, and the spectrum now varies considerably 
with pH (Fig. 2). The variation in spectrum is suggestive of the dissocia- 
tion of a weakly acidic group with a pK’ of approximately 7.0. If the 
reaction mixture is neutralized and a procedure is followed as in the isola- 
tion of the barium salt of DPNH (15), two fractions are obtained: a barium- 
alcohol-insoluble Fraction I and a soluble Fraction II]. The absorption 
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Fig. 1. Conversion of DPNH-X to the primary acid modification product of 

DPNH. DPNH-X was added to 0.02 m acetate buffer, pH 3.2, and the absorption at 
300 mu was followed. Initial concentration of DPNH-X was 4.6 X 107° M. 


MOLAR ABSORPTION COEFFICIENT x!0~? 


spectrum of the material in Fraction I is essentially that of an adenine 
nucleotide, suggesting that the modified nicotinamide moiety has been 
lost. In the section on chromatography evidence will be presented that 
the compound in Fraction I is ADPR, arising in a manner analogous to 
the reaction of the DPN-dihydroxyacetone compound in strong acid (35). 
Fraction II contains the 290 my-absorbing fragment, or modified nicotina- 
mide moiety, and has an absorption spectrum with a single peak at 290 
my (in 0.1N NaOH). Attempts to obtain the fragment in the pure form or 
as a crystalline derivative have not been successful. However, experi- 
ments on the crude fraction indicate the presence of a component with an 
Rr value of 0.63 in the acetone-water (2:1) system; this component gives 
a positive reaction with ammoniacal silver nitrate spray used in the identi- 
fication of reducing compounds (36). 
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Catalytic Hydrogenation of DPNH-X and Primary Acid Modification 
Product of DPNH—In Fig. 3 is presented the course of the hydrogenation 
reaction in typical experiments with DPN, DPNH, DPNH-X, and the 
primary acid modification product. DPN takes up 2.5 of an expected 3 
moles of hydrogen per mole of compound in the Ist few minutes of the 
reaction and the remaining 0.5 mole within 7 hours. With DPNH, ap- 
proximately 1 mole is taken up rapidly and a 2nd mole after 20 hours. 
With the acid modification product and DPNH-X, only 0.5 mole is taken 
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Fic. 2. The absorption spectrum of the secondary acid products at different pH 
values. DPNH was incubated in 0.01 n HCl at 25° and the primary and secondary 
absorption changes followed as described in the text. After 18 hours the spectrum 
was stable. 0.2 ml. aliquots, equivalent to 0.075 umole of the original DPNH, were 
added to 2.8 ml. of the various solutions, and the absorption spectra were determined. 
Curve A, in 0.1 m acetate, pH 5.0; Curve B, in 0.1 m phosphate, pH 6.0; Curve C, in 
0.1 m phosphate, pH 7.7; Curve D, in 0.1 m bicarbonate, pH 9.0; Curve E, in 0.1 n 
NaOH. 


up rapidly, and at 40 hours the uptake has reached approximately the 
theoretical value for 1 mole of hydrogen per mole of compound. These 
results must be interpreted with caution, since, except in the case of DPN, 
there is no evidence of a complete leveling off of the reaction. The data 
do suggest, however, that DPNH-X and the primary acid modification 
product each contain only one double bond susceptible to hydrogenation 
with the type of catalyst used.* Attempts to separate the hydrogenation 
products from the colloidal palladium catalyst were not successful. 


*A control experiment with adenylic acid showed no hydrogen uptake after 20 
hours, indicating most likely that the adenine moiety in the pyridine nucleotide com- 
pounds was not attacked. 
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Paper Chromatography—tThe isolated barium salts of DPNH-X and the 
primary acid modification product and the barium-insoluble component 
(Fraction I) of the secondary acid reaction were examined by ascending 
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Fic. 3. Hydrogenation of pyridine nucleotides. Reaction mixtures and condi- 
tions as described in the text. Curve A, DPN; Curve B, DPNH; Curves C and D, 
the primary acid modification product of DPNH; Curve E, DPNH-X. @ and 0, 
separate experiments. 


TABLE III 
Chromatography of DPNH Derivatives 

Neutral or slightly alkaline solutions of the barium salts were treated with Na,S0, 
for conversion of the compounds to sodium salts before application on the papers. 
The solvent system was acetone-H;O (2:1). Each compound appeared on the paper 

as a blue quench spot as viewed with an ultraviolet lamp. 

| | Assay on paper for 
' 

















Compound Rr 
Reducing Phosphate 
sugar (organic) 
Res ey ee ene ewe 0.38 - a 
Primary acid modification product... .| 0.41 a ~ 
Ba-insoluble product (Fraction 1) | 
from 2nd acid reaction............. 0.42 os | _ 





chromatography by using an acetone-water (2:1) system. The Ry values, 
properties, and reactions of the compounds on paper are presented in Table 
III. Spots were eluted, and the absorption spectra were measured to de- 
termine whether the components had undergone changes during the chro- 
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matography. This showed that the Logo/ F269 ratio for DPNH-X had in- 
creased, indicating some conversion to the acid modification product. The 
positive test for reducing sugar for the Ba-insoluble compound (Fraction 
1) of the secondary acid reaction, together with its adenine nucleotide type 
absorption spectrum, constitutes evidence that this component is ADPR. 
Nitrogen and phosphorus analyses on this compound gave a ratio of 
N:P of 2.63 on a molar basis; theoretical for ADPR is 2.5. 


DISCUSSION 


The strong absorption of the primary acid modification product of 
DPNH in the region of 290 my can be attributed to some alteration of the 
reduced nicotinamide ring rather than to a change in the adenine moiety 
of the dinucleotide, since simple model compounds, such as reduced N-meth- 
ylnicotinamide, develop analogous 290 my bands when treated with acid 
(7, 37). Although DPNH-X and the acid modification product are not 
identical, their spectra are nearly alike; so it is reasonable to assume that 
their chromophoric groups are closely related and that the structural dif- 
ferences between DPNH-X and DPNH are centered in the nicotinamide 
portion of the molecule. 

One possibility that has been considered is that DPNH-X has the struc- 
ture formerly thought to be that of DPNH before the work of Pullman 
et al. (38); 7.e., DPNH-X is a tautomeric form of DPNH with 2 hydrogen 
atoms on 1 of the carbon atoms ortho to the ring nitrogen. The catalytic 
hydrogenation data do not support this hypothesis, however, since one of 
the two centers of olefinic unsaturation appears to be lost in DPNH-X 

The authors are grateful for the advice and suggestions of Dr. A. G. 
Anderson, Jr., and for the technical assistance of Mrs. Jane Crosby. 


SUMMARY 


A method is described for the isolation of the DPNH derivative desig- 
nated temporarily as DPNH-X. Data are presented showing that the 
various moieties of a pyridine nucleotide are all present in DPNH-X and 
that the net charge of the molecule is the same as that for DPNH at neu- 
trality. The relationship between DPNH-X and the products of the 
reaction of DPNH in acid is described. Catalytic hydrogenation experi- 
ments on DPNH-X and the primary acid modification product show the 
presence of only one readily hydrogenated double bond. 
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ENZYMATIC CONVERSION OF A REDUCED DIPHOSPHOPYRI- 
DINE NUCLEOTIDE DERIVATIVE TO REDUCED 
DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By JOSEPHINE O. MEINHART,7 STERLING CHAYKIN,t{ 
AND EDWIN G. KREBS 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, November 7, 1955) 


In the preceding paper (1) the preparation and isolation of the reduced 
diphosphopyridine nucleotide! derivative designated as DPNH-X were 
described. This derivative can be converted back to DPNH in an enzy- 
matic reaction requiring ATP according to the following equation: 


— Mg** : 
DPNH-X + ATP ———> DPNH + ADP + P 


A preliminary report of this work has been given (2). 


EXPERIMENTAL 
Materials and Methods 

DPNH-X was prepared as described previously (1); the barium salt 
was converted to the sodium salt before use, and solutions were stored at 
—20°. Concentrations of DPNH-X were calculated with an extinction 
coefficient of 13.5 K 10° sq. cm. mole~! at 290 my (1). 

Sodium salts of ADP, ATP, ITP, UTP, and crystalline disodium ATP 
were obtained from the Pabst Laboratories, Milwaukee, Wisconsin. 

Myokinase was prepared according to the procedure of Colowick and 
Kalckar (3), and adenylic acid deaminase according to the procedure of 
Kalckar (4). Alcohol dehydrogenase was obtained from the Worthington 
Biochemical Corporation, Freehold, New Jersey. Alumina Cy was pre- 
pared according to the procedure of Willstatter and Kraut (5). 


* This investigation was supported in part by a research grant (No. RG-3844) from 
the National Institutes of Health, Public Health Service, and in part by the Initia- 
tive 171 Research Fund of the State of Washington. 

t Public Health Service Research Fellow of the National Institute of Arthritis and 
Metabolic Diseases. 

t Present address, Department of Surgical Metabolism, Army Medical Service 
Graduate School, Walter Reed Army Medical Center, Washington 12, D. C. 

1The following contractions are used: DPN, diphosphopyridine nucleotide; 
DPNH, reduced diphosphopyridine nucleotide; ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; AMP, adenylic acid; P, inorganic phosphate; ITP, inosine 
triphosphate; UTP, uridine triphosphate; ADPR, adenosine diphosphate ribose; 
Tris, tris(hydroxymethyl)aminomethane. 
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Bakers’ yeast? was air-dried in a thin layer between two sheets of paper 
for 2 to 3 days at room temperature. The dry yeast was ground as finely 
as possible in a Braun pulverizer, type UD (Laboratory Construction 
Company, Kansas City, Missouri). Both the dry yeast and the ground 
dry yeast were stored at 4° in stoppered glass containers. 

DPN and DPNH were determined quantitatively by the alcohol dehy- 
drogenase method (6), or qualitatively directly on paper chromatograms 
(1). AMP and ADP were determined on deproteinized reaction mixtures 
with adenylic acid deaminase and myokinase (4). Protein determinations 
were made according to the method of Robinson and Hogden (7). 

Enzyme Preparation—Two methods have been used for preparing the 
enzyme that catalyzes the conversion of DPNH-X to DPNH. Either 
Method 1 or Method 2 leads to a fairly complete separation of this enzyme 
from DPNH oxidase and apyrase; however, the second method yields pro- 
tein of much greater specific activity. 

Method 1—100 gm. of ground dry yeast were incubated with 300 ml. of 
0.17 m (NH4)2HPO, for 4 hours at 38°, and the mixture was centrifuged for 
60 minutes in a Servall angle centrifuge at 7000 r.p.m. at +3°. To the 
supernatant solution, or yeast juice, were added 4 volumes of (NH,).S0, 
solution (saturated at 25°). The precipitated proteins were collected by 
centrifugation and suspended in water to a final volume of 75 ml. 10 ml. 
portions of the suspension were heated for 3 minutes at 60° and centrifuged 
after cooling. The clear pale yellow supernatant solution, after dialysis 
against cold distilled water for 16 hours, was centrifuged at 100,000 X g 
for 2 hours in the Spinco model L preparative ultracentrifuge. The super- 
natant solution was decanted, and the transparent gel-like sediment re- 
maining was suspended in water with the aid of a glass homogenizer. This 
preparation could ke stored for 5 weeks at 3° without loss of activity. 

Method 2—Yeast juice was obtained as described in Method 1. To 
each 100 ml. were added 31.3 gm. of solid (NH,4)2SO, to bring the saturation 
to 0.5. The suspension was centrifuged in the cold, and the precipitate 
was discarded. To each 100 ml. of clear supernatant fluid were added 
21.4 gm. of (NH,)2SO, to bring the saturation to 0.8. The precipitate was 
collected by centrifugation and dissolved in 40 ml. of HO. To the solu- 
tion was added an amount of alumina Cy such that the gel-protein ratio 
was 1:6 on a weight basis. After 5 minutes the mixture was centrifuged. 
On some occasions, when appreciable activity remained in the supernatant 
fluid, a second adsorption was carried out. The gel precipitates were 
washed once with 80 ml. of H.O, followed by 40 ml. of 0.1 m pyrophosphate 
buffer, pH 9.0. The enzyme was then eluted from the gel with two 20 


2 Fleischmann’s bakers’ yeast (Saccharomyces cerevisiae), kindly supplied by 
Standard Brands, Incorporated, Sumner, Washington, was used. 
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ml. portions of 0.15 mM pyrophosphate buffer, pH 9.2. Proteins were im- 
mediately precipitated from the eluates by addition of solid (NH,4).SO, to 
0.8 saturation, collected by centrifugation, and dissolved in minimal 
amounts of H,O. Repetition of the adsorption-elution steps on the com- 
bined eluates yielded enzyme with approximately 500 times the specific 
activity of the original yeast juice. Recovery of total units in the pro- 
cedure was about 50 per cent. The enzyme could be stored satisfactorily 
in the frozen state for at least 3 weeks without loss of activity. 


Results 


Conversion of DPNH-X to DPNH—Numerous attempts were made to 
find enzymatic reactions in which DPNH-X would serve as a substrate or 
exhibit coenzyme function, but, except for its reaction with nucleotide 
pyrophosphatase (1), this derivative appeared to be inactive. Various 
enzyme systems examined in this respect included the following: soluble 
and particulate DPNH-cytochrome c¢ reductase (8, 9), DPNH oxidase 
prepared from yeast, heart lactic dehydrogenase,’ yeast alcohol dehydro- 
genase, spleen DPN nucleotidase (10), and quinine oxidase (11). Experi- 
ments were then carried out in which DPNH-X was added to an aerobic 
glucose fermentation reaction mixture catalyzed by crude yeast juice. 
With the complete glycolysis system it was noted that a slight amount of 
conversion of DPNH-X to DPN occurred. The necessary components 
for the reaction were found to be ATP, Mg**, and the yeast protein. As 
the system was purified, it was observed that removal of DPNH oxidase 
did not appear to affect the rate of disappearance of DPNH-X, but did 
result in the appearance of DPNH, rather than DPN, as the product of 
the reaction. 

DPNH-X to DPNH conversion is conveniently followed at 290 my 
(decrease in DPNH-X) or at 340 my (increase in DPNH), as shown in Fig. 
1. With crude enzyme fractions containing DPNH oxidase, it is necessary 
to reduce DPN at the end of the reaction‘ in order to measure the total 
DPNH produced. In the experiment in Fig. 1 very little DPNH oxidase 
is present, as evidenced by the fact that the increase in absorption at 340 
my is 86 per cent of the theoretical amount for the decrease observed at 
290 my;> moreover, addition of the components for DPN reduction at 60 
minutes results in only a slight increase in absorption. Evidence that the 
absorption at 340 mu produced by the reaction is due to DPNH has been 

‘The authors wish to thank Dr. J. B. Neilands for a generous gift of crystalline 
heart lactic dehydrogenase. 


‘The reduction of DPN is accomplished by addition of alkaline buffer plus the 
components of the alcohol dehydrogenase reaction (6). 

5 In the conversion of DPNH-X to DPNH, the AE 29 is 13.5 — 2.1 = 11.4 and the 
AE x49 is 6.2 — 0.2 = 6.0 for a concentration of 1 X 10-3 m (1). 
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shown by addition of acetaldehyde and alcohol dehydrogenase which dis- 
charged the absorption (not illustrated). Crystalline yeast triose phos- 
phate dehydrogenase, the enzyme catalyzing DPNH-X formation, is com- 
pletely inactive, with or without ATP, in the conversion of DPNH-X to 
DPNH. 

Difference between DPNH-X and Primary Acid Modification Product of 
DPNH—When DPNH-X is incubated at pH 3.5 to 4.0, it is changed rap- 
idly to the primary acid modification product of DPNH, whose spectral 


600} 











°% 0 20 30 40 50 60 
Minutes 

Fic. 1. Conversion of DPNH-X to DPNH. The reaction mixture contained 
DPNH-X, 4.6 X 10-5 m; MgSO,, 1.3 X 10-4 m; ATP, 3.21 X 10-4 m; Tris-acetate, 
2.5 X 10-* m of each, pH 6.5; and 0.083 mg. per ml. of enzyme prepared by Method 2. 
Curve A, disappearance of DPNH-X at 290 my; Curve B, formation of DPNH at 
340 mu. At the arrow, components for the reduction of DPN were added. The re- 
duction of DPN is accomplished by addition of alkaline buffer plus the components 
of the aleohol dehydrogenase reaction (6). 


characteristics have been described (1). The latter compound does not 
react in the enzyme system described above. In an experiment DPNH-X 
was treated at pH 3.6 in acetate buffer; aliquots were removed at intervals, 
neutralized, examined spectrophotometrically, and assayed for converti- 
bility to DPNH. The results of this experiment are given in Fig. 2, in 
which the total —A F290 observed in the enzymatic reaction and the Eog5/ E29 
ratio are plotted against time. It will be noted that, as the ratio drops, 
which is characteristic of the spectral alteration in passing from DPNH-X 
to the acid product, the reactivity in the enzymatic reaction also decreases 
and eventually disappears altogether. Some preparations of DPNH-X 
are contaminated with the acid modification product; when these are used 
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in the conversion reaction, the absorption at 290 my levels off at a higher 
point than the theoretical value which was attained in Fig. 1. 

Primary acid modification product made directly by incubating DPNH 
at pH 4 (1) is inactive in the enzymatic reaction. 

Activity of Converting Enzyme—For comparing the activity of different 
enzyme preparations, activity is determined on the basis of the amount of 
DPNH produced in a given period during which the reaction proceeds at 
a linear rate. Test conditions for the activity determination are those 
described in the legend of Fig. 1. 1 unit is defined as the amount of en- 
zyme per ml. of reaction mixture giving rise to an amount of DPNH equiva- 
ient to an increase in absorption at 340 my of 0.001 per minute at 25°, as 











-2007 r2.5 ; 
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Fic. 2. Instability of DPNH-X in acid. DPNH-X was incubated in 0.2 m acetate 
buffer, pH 3.6; at intervals, aliquots were neutralized with an equal volume of 0.2 
M Tris, pH 8.8. Dilutions for spectral analysis were made in 0.05 M NaHCO;. Sam- 
ples of the neutralized solutions were assayed for DPNH-X with enzyme prepared by 
Method 1 in reaction mixtures similar to those illustrated in Fig. 1. Curve A, de- 
crease in the E25;/E290 ratio of DPNH-X during incubation at pH 3.6; Curve B, the 
total — AEZ290, which is proportional to the amount of DPNH-X remaining at any time. 


measured in a cuvette with a 1.0 em. light path. By this criterion the 
enzyme used in the experiment of Fig. 1 had a specific activity of 1050 
units per mg. compared to 2 to 3 units per mg. for crude yeast juice. 

Products Other Than DPNH—lIn the conversion of DPNH-X to DPNH, 
inorganic phosphate is produced in equivalent amounts, as presented in 
Table 1. 

Attempts to demonstrate quantitatively that ADP is also a product of 
the reaction were complicated by the presence of myokinase in the enzyme; 
therefore it was necessary to analyze for AMP as well as ADP. Since the 
enzyme was essentially free of apyrase and contained no adenylic deam- 
inase, it appeared reasonable to assume that any AMP found repre- 
sented twice that amount of ADP. The results of several experiments 
are given in Table II and are consistent with the interpretation that 1 
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TABLE I 


Inorganic Phosphate Production in Conversion of DPNH-X to DPNH 
The reaction mixture consisted of 27 umoles* of DPNH-X, 151 ywmoles of ATP, 
360 umoles of MgSO,, 51 mg. of enzyme prepared by Method 1, and 270 umoles of suc- 
cinate in a volume of 26 ml., pH 6.5. Inorganic phosphate was determined on de- 
proteinized aliquots. 





Inorganic phosphate 











Time ———|_ ppNH SP DPNt | DPNELXY 
Complete DPNH-X | py: | ri : por 
system | omitted | Difference | | 
min. 4 umoles pumoles pmoles ‘pelle | pmoles 3 
0.3 4.3 4.1 0.2 0.0 2.9 
20 6.7 4.4 2.3 1.6 3.0 
45 8.9 4.3 4.6 4.3 5.9 
90 14.3 5.7 8.6 8.8 9.1 
180 20.5 5.2 15.3 15.3 15.4 
2 6.1 20.1 17.1 16.4 


300 26. 








* This concentration, based on absorption at 290 my, is actually too high, since 
the sample of DPNH-X used contained an appreciable amount of primary acid modi- 
fication product. 

+ Calculated from the total absorption at 340 my after reduction of DPN at the 
times indicated. 
t Calculated from the decrease in absorption at 290 my. 


TABLE II 


ADP and AMP Formation in Conversion of DPNH-X to DPNH 

The reaction mixtures contained 37 ymoles of MgSO, and 30 uwmoles of succinate 
buffer, pH 6.7, in a volume of 3 ml. Experiments 1 and 2 and the ADP control con- 
tained 0.4 mg. of enzyme prepared by Method 1; Experiment 3 contained 4 mg. of 
similar enzyme. Initial DPNH-X concentrations were as follows: Experiment 1, 
0.07 nzmole; Experiment 2, 0.08 ymole; Experiment 3, 0.15 wmole. Initial ATP con- 
centrations were as follows: Experiments 1 and 2, 0.11 wmole; Experiment 3, 0.48 
umole. ADP control contained 0.18 ymole of ADP at zero time. Incubations were 
carried for approximately 2} hours at 25°; absorption values at 290 my were constant 
at this time. 








Experiment No. AMP ADP | Total ADP* 
umole | ao umole oot per cent theoryt 

1 0.019 | 26 0.018 6 «| 78 

2 0.021 | 26 0.036 | 45 97 

3 0.054 | 35 0.007 | 4 74 

A | 36 90 


ADP control 0.049 27 0.065 








*2 x AMP + ADP. 


+ Based on the formation of 1 mole of AMP or ADP for each mole of DPNH 
formed in Experiments 1 to 3; based on the initial ADP in the ADP control. 
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mole of ADP is formed for each mole of DPNH-X reacting. A control 
experiment is shown in which ADP recovery in the complete system was 
tested. 

pH Optimum—The optimal pH for the conversion of DPNH-X to DPNH 
is about 6.0 (Fig. 3). The reaction was carried out in a Tris-acetate buffer 
mixture, 0.05 m with respect to each, adjusted from pH 5 to9. Similar re- 
sults were obtained in 0.05 m phosphate buffers, pH 6.0 to 8.0, 

Metal Ion and Nucleotide Specificity—A divalent cation is required for 
the enzymatic conversion of DPNH-X to DPNH. Mg** was found to 
be the most effective with an optimal concentration of 1.3 X 10-¢m. Mnt+ 
was also active, but Ca** had no effect. 
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Fic. 3. Rate of conversion of DPNH-X to DPNH as a function of pH. The reac- 
tion mixtures contained DPNH-X, 3.36 X 10-5 m; ATP, 1.6 X 10-4 m; Tris-acetate, 


2.5 X 10-3 m each; MgSO,, 1.3 X 107? m; and 0.23 mg. per ml. of enzyme prepared by 
Method 1. 


No reaction occurred in the absence of ATP. AMP was completely 
inactive. With ADP an initial lag period was observed, but the reaction 
then proceeded to completion. However, preincubation of ADP with the 
protein before DPNH-X was added gave identical results to the reaction 
in the presence of ATP. Therefore, ADP appeared to be active only as a 
source of ATP (via myokinase). ITP and UTP were slightly active, but 
possible contamination of these nucleotides with ATP has not been ruled 
out. 

Reversibility of Reaction—No indications have been obtained that the 
reaction is reversible. It can be calculated from the data of Fig. 1 that 
the extent of conversion of DPNH-X to DPNH is complete within the 
limits of accuracy of the methods. Addition of high concentrations of ADP 
and inorganic phosphate to DPNH in the presence of the enzyme results 
in no detectable reaction. Preliminary experiments in which all the re- 
actants and products were incubated with enzyme in the presence of P*- 
orthophosphate showed no incorporation of P® in the nucleotide fraction. 
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DISCUSSION 


The potential significance of DPNH-X as a functional form of diphospho- 
pyridine nucleotide is greatly enhanced by the discovery of an enzymatic 
reaction in which it can be reconverted to DPNH. Speculation as to the 
physiological réle of this derivative naturally suggests that it may play 
some part in oxidative phosphorylation at the electron transport level. 
One possible mechanism for this process would be a reversal of the reaction 
coupled with a direct oxidation of DPNH-X to DPN. Neither of these 
reactions has been accomplished under conditions tested to date. 

It is hoped that the enzymatic conversion of DPNH-X to DPNH will 
be useful in further investigation of the structure of DPNH-X. As far 
as can be determined, this reaction occurs without addition or subtrac- 
tion of elements from the pyridine nucleotide structure, except perhaps as 
either a DPNH-X-phosphate or DPNH-X-ADP complex may be formed 
as an intermediate. To this extent the reaction supports the view that 
DPNH-X is an isomer of DPNH. However, addition or subtraction of 
the elements of water is a possibility not excluded. Investigations with 
the use of heavy isotopes are in progress to obtain additional information 
regarding the structure of DPNH-X. 

Inasmuch as the formation of DPNH-X from DPNH, as catalyzed by 
triose phosphate dehydrogenase, was found to be an irreversible reaction 
(12), the probable réle of ATP in the present reaction is that of a source 
of energy. When the structural change occurring in this reaction is known, 
it will be of particular interest to learn how the energy of ATP is utilized. 


The authors are grateful for the technical assistance of Mr. Arvan Fluh- 
arty. 


SUMMARY 


An enzyme system which converts DPNH-X to DPNH has been pum- 
fied about 500-fold from yeast juice. ATP and either magnesium or 
manganese ions are required cofactors. Stoichiometry between DPNH-X 
disappearance and formation of DPNH, ADP, and inorganic phosphate 
supports the following equation for the reaction: 


— Mg** , 
DPNH-X + ATP —— DPNH + ADP + P 


The reaction has not been reversed. The primary acid modification prod- 
uct derived from either DPNH or DPNH-X is inert in the enzyme system. 
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EFFECT OF COENZYME A ON ACETATE ACTIVATION * 


By A. C. AISENBERG,} ann VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, September 26, 1955) 


In an earlier paper, studies were reported on the effect of fluoride on 
acetate activation in rat kidney and liver homogenates (1). The results 
of these studies were interpreted as suggesting that fluoride acted directly 
on the formation of acetyl CoA! from acetate, CoA, and ATP. However, 
in previous work from another laboratory, fluoride sensitivity of acetate 
activation in pigeon liver acetone powder was not noted (2). In the ace- 
tone powder studies, CoA was added in stoichiometric amounts, while it 
was not added to the homogenate medium. The results of experiments on 
the effect of CoA addition on acetate activation are given in the present 
paper. It has been found that CoA addition causes an enhancement of 
acetate activation in both the uninhibited and the fluoride-inhibited ho- 
mogenate system. This CoA effect has been shown to be due to a CoA 
requirement of the supernatant enzyme system. It has also been found 
that the acetate-activating enzyme system of the supernatant fluid is less 
sensitive to fluoride than the mitochondrial enzyme system. 


EXPERIMENTAL 


In homogenate experiments the conventional Warburg apparatus was 
used, and experimental details were similar to those of the previous report 
(1). Acetate-1-C™ was used as previously described (1), and total acetate 
activation was determined as the sum? of the C“O. of the center well of 
the Warburg flask (3) and the residual radioactivity remaining in the 
flask after acidification and volatilization of the unchanged acetic acid 
(4). 

Acetone powders were prepared by the method of Kaplan and Lipmann 
(5). Acetate activation in the acetone powder experiments was deter- 


* This work was supported in part by a grant (No. C-646) from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service. 

+ Fellow in Cancer Research of the American Cancer Society. 

'The abbreviations used in this paper are as follows: CoA, coenzyme A; ATP, 
adenosine triphosphate; DPN, diphosphopyridine nucleotide. 

* The counting was done under the supervision of Dr. Charles Heidelberger of this 
department, whose skilled assistance is gratefully acknowledged. Throughout this 
paper ‘‘e.p.m.’’ will be used to mean counts per minute in the internal gas flow pro- 
portional counters used in this study. 
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mined by the acethydroxamic method of Lipmann and Tuttle (6) as modi- 
fied by Beinert et al. (7). 

Sodium acetate-1-C™ was prepared by Dr. H. Busch by the method of 
Lemmon (8). Adenosine triphosphate and coenzyme A were obtained 
from the Pabst Laboratories. Other compounds were commercial products 
of reagent grade. 


Results 


Effect of Addition of Exogenous CoA—Fig. | illustrates the effect of the 
addition of exogenous CoA on acetate activation in uninhibited and fluo- 
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Fig. 1. Effect of the addition of varying amounts of CoA on acetate activation in 
uninhibited and fluoride-inhibited homogenates. Each flask contained 40 mg. of 
whole kidney homogenate plus 0.01 m KH»POu,, 0.004 m MgCl, 0.001 m ATP, 0.005 
potassium fumarate and pyruvate, sodium acetate-1-C™ (5600 ¢.p.m. per flask), and 
solid sucrose to give a total osmolarity of 250 milliosmoles. The experiment was 
carried out at 38°, pH 7.2, for 25 minutes, with data calculated to 50 minutes. 

Fig. 2. Effect of varying fluoride concentrations on acetate activation in the pres- 
ence and absence of added CoA. The details are the same as in Fig. 1. 


ride-inhibited kidney homogenate systems. In the absence of fluoride, a 
maximal stimulation of acetate activation by CoA is obtained at a CoA 
concentration of 0.00012 m. This stimulation represents a 50 per cent 
increase over the value of the non-CoA control. In the fluoride-contain- 
ing homogenates, the rate of acetate activation reaches a plateau value 
at the same CoA concentration. This, however, represents a 300 per cent 
increase over the fluoride-containing homogenate without CoA. Fig. 2 
represents a similar experiment, but this time the data are plotted as ace- 
tate activation against NaF concentration. It can be seen that, of the 
total CoA increment of the uninhibited flask of 2550 ¢.p.m., 1855 ¢.p.m. 
or about 75 per cent is fluoride-insensitive. This should be compared with 
the observation that only 10 per cent of the acetate activation of a kidney 
homogenate before the addition of CoA is fluoride-insensitive. 
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Intracellular Localization of CoA Effect—It appeared to be of interest 
to determine in which cell fraction this CoA effect was localized. Fig. 3 
summarizes the results obtained from two experiments carried out with 
cell fractions from rat kidney. It can be seen that, in the absence of CoA, 
the mitochondrial fraction closely reproduces the activity of the whole 
homogenate with regard to total and fluoride-insensitive acetate activa- 
tion, while the addition of supernatant fluid to the mitochondria makes 
little difference. However, while the addition of CoA to the mitochondrial 
fraction depresses acetate activation, CoA added to the mitochondria plus 
supernatant fluid causes an enhancement of both total and fluoride-insen- 
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Fic. 3. Intracellular localization of CoA effect. Experiments were performed 
with 40 mg. of whole kidney homogenate or equivalent cell fractions. Fluoride- 
insensitive acetate activation is the activation remaining in the presence of 0.01 m 
NaF. Acetate activation is expressed in counts per minute for a 50 minute experi- 
ment. Homog., homogenate; mito., mitochondria; sup., supernatant fluid. 


sitive acetate activation. Thus the behavior of the whole homogenate 
in the presence of CoA is reproduced by mitochondria plus supernatant 
fluid, but not by mitochondria alone. 

From these data it appears that there is acetate-activating enzyme in 
the supernatant fraction of the homogenate which requires exogenous CoA 
for its activity, while the acetate-activating enzyme of the mitochondrial 
fraction does not. Furthermore, the supernatant enzyme appears to be 
relatively fluoride-insensitive as compared with the mitochondrial enzyme. 
In order to determine more directly the fluoride sensitivity of the acetate- 
activating enzymes of mitochondrial and supernatant systems, acetone 
powders were prepared from their respective cell fractions after sucrose 
fractionation of rat kidney by the method of Schneider and Hogeboom (9). 
Acetate activation was measured by determination of the acethydroxamic 
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acid formed in the presence of hydroxylamine (6, 7). Fig. 4 contains the 
results of a study of fluoride sensitivity of the acetone powders of super- 
natant fractions and mitochondria. The results are plotted as the acet- 
hydroxamic acid formed by the extract from 50 mg. of acetone powder 
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Fic. 4. Effect of fluoride on acetate activation by acetone powder preparations of 
mitochondria (mito.) and supernatant (supernat.) fluid of rat kidney. Each tube 
contained the extract from 50 mg. of acetone powder of the respective fraction plus 
0.007 m sodium acetate, 0.008 m ATP, 0.01 m cysteine, 0.05 m glycylglycine, 0.004 
MgCle, and 0.5 m hydroxylamine. Final pH was 8.2 and the experiment was carried 
out at 38° for 40 minutes. 
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Fig. 5. Effect of fluoride on acetate activation of acetone powder preparations 
of whole rat kidney and whole pigeon liver. Each tube contained the extract from 
50 mg. of the respective acetone powder plus the usual acetone powder additions. 
Experiments were of 40 minutes duration. Hydroxamie acid was determined as in 
Fig. 4. 

Fic. 6. Effect of fluoride on acetate activation of whole homogenates of rat kidney 
and pigeon liver. The experiment with rat kidney was performed with 40 mg. of 
tissue per flask and was of 50 minutes duration. The experiment with pigeon liver 
was performed with 80 mg. of tissue and was 70 minutes in duration. In both experi- 
ments the standard homogenate additions were present. 
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e against fluoride concentration. It is apparent that, although the super- 
- natant enzyme is considerably less sensitive to sodium fluoride than the 
- mitochondrial enzyme, it is not completely insensitive. 
, TaBLeE I 
Acetate Activation in Tumor Homogenates 
The incubation time was 60 minutes; all the determinations were carried out in 
duplicate. In the cell fractionation experiment, amounts of cell fractions were used 
equivalent to 80 mg. of whole homogenate. All the flasks contained the basic reac- 
tion mixture for homogenates. 
= Acetate 
Tissue Fraction 3 NaF additions, in umoles acti- 
§ vation 
mg. c.p.m. 
Walker No. 256 carci- Whole homogenate | 160 | 3 36 
nosarcoma 
Walker No. 256 carci- wi 160 | 30 63 
of nosarcoma 
be Walker No. 256 carci- a ’ 160 | 30 + 0.72 umole CoA 414 
us nosarcoma 
M Walker No. 256 carci- = - 160 | 30+ 0.72 ‘“ - 373 
ed nosarcoma + 1.2 umoles DPN 
Walker No. 256 carci- = = 160 | 90 + 0.72 umole CoA 1240 
nosarcoma 
mg. eq. 
Walker No. 256 carci- Mitochondria 80 |} 90+ 0.72 ‘<* ” 65 
nosarcoma 
Walker No. 256 carci- Mitochondria + 80 | 90+ 0.72 ‘“* _ 450 
nosarcoma supernatant 
Walker No. 256 carci- Mitochondria + 80} 90+ 0.72 ‘“ ™ 470 
nosarcoma supernatant + 
nuclei 
mg. 
Flexner-Jobling carci- Whole homogenate | 160 | None 40 
noma 
Flexner-Jobling carci- ” sas 160 | 3 + 0.72 umole CoA 95 
noma 
Flexner-Jobling carci- . ” 160 | 30+ 0.72 ‘“ a 725 
noma 
Flexner-Jobling carci- i ss 160 | 30+ 0.72 ‘“* = 735 
ions noma + 1.2 umoles DPN 
rom Flexner-Jobling carci- “ zs 160 | 90 + 0.72 umole CoA 840 
= noma 
sim Kidney “a 40 | None 4500 
Liver “ 80 - 2775 
lney 
r. of 
iver Comparative Studies with Pigeon Liver and Rat Kidney—It was of interest, 
yeri- with regard to the difference of fluoride sensitivity of rat kidney homogenate 
and pigeon liver acetone powder, to find that the addition of CoA to the 
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former caused a fluoride-insensitive enhancement of acetate activation, 
However, it has since been found that this difference in fluoride sensitivity 
between pigeon liver acetone powder and rat kidney homogenate cannot be 
ascribed solely to the fact that CoA is added to the acetone powder medium, 

Figs. 5 and 6 present data on comparative studies of the fluoride sensi- 
tivity of homogenates and acetone powder preparations of rat kidney and 
pigeon liver. It can be seen that both pigeon liver homogenate and rat 
kidney acetone powder display less fluoride sensitivity than does rat kidney 
homogenate. Sensitivity to fluoride cannot be demonstrated with pigeon 
liver acetone powder. Thus it would appear that the insensitivity of pigeon 
liver acetone powder is partly due to an inherent property of the pigeon 
liver and partly due to the fact that an acetone powder is less sensitive to 
fluoride inhibition of acetate activation than is the corresponding homog- 
enate. 

Studies on Tumor Tissue’é—Evidence exists that activation of fatty 
acids, including acetate, is depressed in tumor tissue (3, 10, 11). Since 
the addition of exogenous CoA stimulates a fluoride-insensitive acetate 
activation, it was thought to be advisable to study the activation of acetate 
by tumor in the presence of both fluoride and coenzyme A. The results 
of experiments with Walker No. 256 carcinosarcoma and Flexner-Jobling 
carcinoma are given in Table I. It can be seen that, in the presence of 
30 umoles of sodium fluoride and 0.72 umole of CoA, definite acetate acti- 
vation occurs in the tumor homogenate, and this activation is not increased 
by the addition of DPN. However, the maximal rate of activation ob- 
tained is still only 7 per cent of the activity of a kidney homogenate. Table 
I also presents the results from a cell fractionation experiment with the 
Walker No. 256 carcinosarcoma. In contrast to the results with normal 
kidney and liver, the acetate-activating enzyme is located almost entirely 
in the supernatant fraction with no significant contribution by the mito- 
chondria. 


DISCUSSION 


The data on the differences in fluoride sensitivity and CoA requirement 
of the mitochondria and supernatant fractions of rat kidney raise the ques- 
tion of whether there is an intrinsic difference in the two acetate-activating 
systems. The CoA requirement of the supernatant enzyme system may 
reflect only the dilution of the native CoA of the supernatant fraction which 
occurs in the preparation of this cell fraction. By calculating from the 
data of Higgins et al. (12) on CoA distribution within the cell, the amount 
of CoA added to the supernatant fluid results in a concentration that 
closely approximates that found in this fluid in its normal intracellular 


3 Tumors were kindly supplied by Dr. G. A. LePage. 
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environment. No such simple explanation for the difference in fluoride 
sensitivity of the supernatant and mitochondrial enzyme systems is ap- 
parent. 

The finding that tumor homogenates can activate acetate in the presence 
of fluoride and CoA is of some significance. It is consistent with the idea 
that lack of high energy phosphate bonds is in part responsible for the 
inability of tumor homogenates to activate acetate, with the fluoride acting 
through the maintenance of high energy phosphate (13). The low level 
of acetate activation found in tumors in vivo (10, 11) may be a reflection 
of this depletion of energy-rich phosphate bonds. The finding that tumor 
homogenates can activate acetate under these conditions may also be taken 
as evidence that, in regard to the ability to activate acetate, tumor is not 
qualitatively different from normal tissue. One would rather assume 
that the findings are due to a quantitative difference in the activity of the 
various enzymes involved. 


SUMMARY 


1. CoA has been found to enhance acetate activation in both the unin- 
hibited and the fluoride-inhibited rat kidney homogenate. 

2. Acetate-activating enzyme in the supernatant fraction has been 
found to be responsible for this enhancement in acetate activation caused 
by the addition of CoA. The supernatant enzyme requires the addition 
of CoA for activity, while the mitochondria do not. It has also been 
found that the supernatant enzyme is less sensitive to fluoride than the 
mitochondrial enzyme. 


3. Significant acetate activation was obtained in two rat tumor homog- 
enates by the simultaneous addition of fluoride and CoA. 
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THE ACTION OF INSULIN IN SPARING FATTY ACID 
OXIDATION: A STUDY WITH PALMITIC ACID-1-C™ 
AND OCTANOATE-1-C™* 


By W. J. LOSSOW, G. W. BROWN, Jr., anv I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of 
Medicine, Berkeley, California) 


(Received for publication, September 21, 1955) 


A previous report dealt with the action of carbohydrate, in the intact 
rat, in sparing the oxidation of C-labeled fatty acids of the even series 
with chain lengths varying from 8 to 16 carbons (1). It was observed that 
the longer the fatty acid chain, the more pronounced was the sparing by 
the carbohydrate. The mechanism involved here was studied in some 
detail for palmitic acid, and it was concluded that carbohydrate (glucose) 
acted primarily by restricting the breakdown of this fatty acid rather than 
by diverting its breakdown product, acetyl SCoA,! from an oxidative to a 
synthetic pathway (1). The present study deals with the sparing of fatty 
acid oxidation by insulin in alloxan-diabetic rats. It is shown that the 
action of the hormone on fatty acid oxidation resembles that observed with 
carbohydrate, in that (a) insulin was effective in sparing the oxidation of 
a long chain fatty acid (palmitic), but failed to do so in the case of a short 
chain acid (octanoic); and (b) the mechanism by which the palmitic acid 
was spared involved, principally, restriction of its breakdown. 


EXPERIMENTAL 


Labeled Substrates—The synthesis of the palmitic acid-1-C™ has been de- 
scribed (2). The fatty acid was esterified by the method of Feuge et al. 
(3). Octanoic acid-1-C was prepared by carboxylation of the appropriate 
Grignard reagent. 

Preparation of Emulsions—The emulsion of labeled tripalmitin contained, 
by weight, 2 per cent tripalmitin, 2 per cent olive oil, 1 per cent glyceryl 
monostearate, and 95 per cent water. The emulsion of labeled palmitic 
acid contained, by weight, 1 per cent labeled fatty acid, 2 per cent olive 
oil, 1 per cent glyceryl monostearate, 0.2 per cent soy bean phosphatide, 
and 95.8 per cent water. These emulsions were prepared as previously 
described (4). 

Treatment of Rats—Long-Evans female rats (160 to 200 gm.) were used. 


* This work was supported by a contract from the United States Atomic Energy 
Commission and by a grant from Eli Lilly and Company. 
1 Acetyl SCoA, acetylated coenzyme A. 
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Diabetes was induced by intravenous injections of alloxan monohydrate, 
At least 30 days were allowed to elapse after injection before the rats were 
used in these experiments. During that time, food and water consumption, 
weight changes, and urine volumes were measured daily, and glucose ex- 
cretion was measured periodically. The blood sugar values, measured 1 
week before the start of each experiment after a 12 hour fast, ranged from 
240 to 690 mg. per cent. 

Analysis of Respiratory CO, and Acetoacetate—The procedures used for 
the determination of the CO2 and C™“O2 contents of expired air in the ex- 
periments in vivo and for the determination of CO, in the center wells of 
incubation flasks in the experiments in vitro have been described (4, 5). 
The C™ content of the carboxyl and carbonyl carbons of acetoacetate was 
determined as described elsewhere (6). 

Chromatographic Separation of 16-Carbon and 18-Carbon Fatty Acids from 
Liver Slices—Liver slices were extracted successively with the following al- 
cohol-ether mixtures, 3:1,2:1,and 1:1. The combined extracts were evap- 
orated in a CO: atmosphere, and the lipides were taken up with ether. 
Free fatty acids were removed from the ether extract with Amberlite IRA- 
400 ion exchange resin and discarded. The ether eluate containing the glyc- 
erides was reduced to a small volume, and the glycerides were hydrolyzed 
with sodium ethylate. The mixture was acidified, the fatty acids extracted 
with ether, the ether evaporated, and the residue dissolved in ethyl] alcohol. 
The fatty acids were hydrogenated (7), and the resulting saturated fatty 
acids were redissolved in hexane. The 18-carbon and 16-carbon fatty acids 
were separated by column chromatography according to the method of 
Ramsey and Patterson (8). The latter procedure was standardized as 
previously described (1). 

Decarboxylation of 16-Carbon Fatty Acids—The 16-carbon fatty acid frac- 
tion was acidified and extracted with ethyl ether, which was evaporated 
and replaced with methyl alcohol. The 16-carbon fatty acids were de- 
carboxylated by bromination of the silver salt according to the procedure 
described by Anker (9). The liberated CO. was swept into 1 n NaOH 
solution, and its C“ content was determined (5). The residue was dis- 
solved in petroleum ether, and the remaining fatty acid was removed on a 
column of alumina. The pentadecyl bromide was analyzed for C™ by the 
direct mount technique (5). 


Experiments with Intact Rats and Tripalmitin-1-C™ 


Experiment A—Five rats were employed: one normal, two alloxan-in- 
jected diabetics, and two insulin-treated diabetics. All the rats were fed a 
high glucose (58 per cent) diet (10) for 3 days and then injected intrave- 
nously with 1 ml. of the emulsion containing the triglyceride of carboxyl- 
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labeled palmitic acid (approximately 1 X 10° c.p.m.). Expired CO: was 
collected for the next 4 hours. The insulin-treated rats received 10 units 
of protamine-zinc insulin subcutaneously at 50, 26, and again at 2.5 hours 
before administration of the emulsion. Solid food was withheld from all 
the animals during the collection of expired CO2, but they did have access 
to a 5 per cent glucose solution for drinking purposes. Treated and un- 
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Fic. 1. Oxidation of the triglyceride of palmitic acid-1-C™ by intact alloxan- 
diabetic rats, insulin-treated diabetic rats, and a normal rat (Experiment A). Large 
graph, cumulative per cent of injected C™ in expired CO: versus time. Inset, loga- 
rithm of specific activity of expired CO. versus time. The insulin-treated rats re- 
ceived 10 units of protamine-zine insulin at 50, 26, and at 2.5 hours before injection 
of the tripalmitin. 


treated diabetic rats consumed about the same amount of glucose; the 
normal rat consumed none. 

Experiment B—In this experiment the food intake was more rigorously 
controlled, and the insulin was administered as a single injection shortly 
before the start of the experiment. Six rats were used, two in each of the 
states described above. Food was withheld for 11 hours before the labeled 
tripalmitin was injected. 2.5 hours before the intravenous injection of the 
emulsion containing the triglyceride of palmitic acid-1-C", all rats received 
2 gm. of glucose (5 ml. of a 40 per cent solution) by stomach tube. Im- 
mediately thereafter, the two insulin-treated rats received 4 units of pro- 
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tamine-zine insulin subcutaneously. Food was withheld from all the rats 
during the CO, collection, and the drinking water contained no glucose. 


Results 


The cumulative values for expired CO, and the specific activity-time 
relations of the expired CO, for Experiment A are presented in Fig. 1. In 


TABLE I 


Oxidation of Tripalmitin-1-C' by Slices Prepared from Livers of Diabetic and 
Insulin-Treated Diabetic Rats 


Each animal was injected with 1 ml. of an emulsion of the following composition 
(per cent by weight): tripalmitin-1-C" 2; olive oil 2; glyceryl monostearate 1; water 
95. 2 to 3 gm. of liver slices were incubated in 25 ml. of Krebs-phosphate buffer, 
pH 7.4, for 3 hours at 37°; O2 as gas phase. Duplicate flasks for each animal were 
analyzed separately. The average values are reported below; the duplicates agreed 
within 5 per cent. 


























| Per cent incubated 
| C¥ recovered as 
agin Condition of rat pepe gy Liver weight rare 
COz qutben a 
acetoacetate 
gm. gm. 
1 Normal 185 8.5 0.77 
Diabetic 208 8.8 1.9 
Insulin-injected diabetic* 215 11.4 0.93 
2 Normal 210 7.5 1.9 0.34 
Diabetic 156 10.1 3.4 0.99 
Insulin-injected diabetict 201 21.5 0.68 0.09 
3 Diabetic | 200 9.1 3.3 1.5 
Insulin-injected diabetic | 220 | 15.7 | 0.75 | 0.13 





* Received 10 units of protamine-zine insulin (Lilly) 45 hours, 25 hours, and 1 
hour before sacrifice. 

+ Received 10 units of protamine-zine insulin (Lilly) 52, 28, and 4 hours before 
sacrifice. 

t Received 10 units of protamine-zine insulin 26 hours before, and 10 units of 
regular insulin (Lilly) 2 hours before sacrifice. 


this experiment about 20 per cent of the injected tripalmitin-1-C™ appeared 
in the CO» collected in 4 hours from the untreated diabetic rats. Admin- 
istration of insulin to the diabetic animals reduced considerably the appear- 
ance of isotope in CO2. An average of only 2.6 per cent of the isotope was 
recovered in the expired CO» from the insulin-treated animals; this value is 
even lower than the 12.5 per cent observed for the normal rat. 

The untreated diabetic rats in Experiment B converted about the same 
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amount of fatty acid-C™ to CO: in 4 hours (average of 19.5 per cent) as did 
the untreated rats in Experiment A. The single injection of insulin to two 
diabetic rats in this experiment reduced the recovery of C™ in COs in 4 


hours to 9.6 per cent (average value). An average of 6.6 per cent of the 
isotope was recovered as CO. from the two normal rats. 


TABLE IT 


Utilization of Palmitic Acid-1-C™ by Liver Slices from Diabetic and Insulin-Treated 
Diabetic Rats 


Each animal was injected with 1 ml. of an emulsion of the following composition 
(per cent by weight): palmitic acid-1-C" 1; olive oil 2; glyceryl monostearate 1; 
soy bean phosphatide 0.2; water 95.8. 0.5 gm. of liver slices were incubated in 5.0 
ml. of the Krebs-phosphate buffer, pH 7.3, for 3 hours at 37.3°; O2 as gas phase. Du- 
plicate flasks for each animal were analy zed separately. The average values are 
reported below; the duplicates agreed within 5 per cent. Each flask contained ap- 
proximately 2 X 105 ¢.p.m. 
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* For the average values, see the text. 

+ Received 5 units of protamine-zine insulin (Lilly) 26 and 14 hours before, and 
10 units of regular insulin 2 hours before, sacrifice. 

t Not analyzed. 


In both Experiment A and Experiment B, all the values for the specific 
activity of expired COs, observed during the 4 hour period, were lower for 
insulin-treated diabetic rats than for the untreated diabetic rats. 

The finding that the normal rats in Experiment B converted less of the 
injected C™ to CO» than did the normal rat of Experiment A may be ex- 
plained by the fact that the former received glucose by stomach tube shortly 
before the administration of the labeled fatty acid. It was shown earlier 
that fed glucose reduces the oxidation of intravenously injected fatty acids 


(1). 
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Experiments with Liver Slices and Palmitic 
Acid-1-C™ or Tripalmitin-1-C™ 
Emulsions containing palmitic acid-1-C™ (approximately 1 & 10° ¢.p.m.) 
or the triglyceride of palmitic acid-1-C™ were injected intravenously into 
normal, diabetic, and insulin-treated diabetic rats. After a 5 minute inter- 
val the animals were sacrificed and exsanguinated. The livers were rapidly 
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Fic. 2. Oxidation of octanoate-1-C™ to CO. by livers of alloxan-diabetie and 
insulin-treated diabetic rats. Conditions: 500 mg. of liver slices were incubated at 
37° for intervals ranging from 20 to 150 minutes in 5.0 ml. of a phosphate buffer, pH 
7.4. Oxygen was the gas phase. The reactions were stopped with mineral acid at 
the various times indicated, and the CO: was analyzed; concentration of octanoate, 
0.001 mM. Approximately 16 xX 104 ¢.p.m. were incubated per flask. The insulin- 
treated diabetic rat received subcutaneously 10 units of regular insulin 12 hours be- 
fore and 10 units of protamine-zine insulin 2 hours before it was sacrificed. 


removed and placed in a chilled, oxygenated Krebs-phosphate buffer (11). 
Liver slices were prepared free-hand and pooled in the chilled buffer. Slices 
removed at random were blotted and weighed, and about 2 gm. were trans- 
ferred to incubation flasks. The atmospheres were replaced with Os, and 
the flasks were incubated at 37° for 3 hours with shaking. The C™ in 
counts per minute incubated in each flask was determined from the counts 
per minute per unit weight of a separate portion of slices (12). 

The results of these experiments with tripalmitin-1-C™ (Table 1) and 
with palmitic acid-1-C™ (Table IT) also demonstrate the ability of insulin 
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to depress the conversion of isotope to CO. For example, in Experiment 1, 
Table I, insulin lowered the percentage of isotope in CO» from 1.9 (un- 
treated diabetic) to 0.93 for the animal that received injections of insulin. 
Similar results were observed in all such experiments. In several experi- 
ments, the percentage of isotope recovered in the carboxy] carbon of aceto- 
acetate was determined. This carbon contains about one-half of the iso- 
tope in the whole molecule ((6) and Table II). In each case, insulin 
depressed the conversion of isotope to acetoacetate. 

Of particular interest is Experiment 4, Table II, in which the utilization 
of the C™ derived from the oxidation of palmitic acid-1-C™ for resynthesis 
of fatty acids was also studied. About 0.13 per cent of the incubated C™ 
was found in the decarboxylated 15-carbon moiety of the 16-carbon fatty acids. 


TaBLe III 
Conversion of Octanoate-1-C™ to Acetoacetate by Liver Slices from Diabetic and 
Insulin-Treated Diabetic Rats 


The CO, production and experimental conditions for this experiment appear in 
the legend to Fig. 2. 








| 
|C4, c.p.m. in —COOH of acetoacetate in interval 
Liver slices prepared from 








0-20 min. 0-30 min. 
NE EC ee ree 13,400 | 18,500 


Insulin-treated diabetic rat............... 13 ,900 17 ,400 





Under the influence of insulin injections, this incorporation was increased 
to about 0.47 per cent. 


Experiments with Liver Slices and Octanoate-1-C™ 


In these experiments, octanoate-1-C™ was added directly to the incuba- 
tion media (phosphate buffer) in which were suspended slices prepared from 
the liver of a diabetic rat or the liver of an insulin-treated diabetic rat. 
The reactions were stopped at various time intervals, and the C™ of the 
respiratory CO: was analyzed. The acetoacetate carboxy! carbon was also 
assayed for C™ over two time intervals. Further details of the experi- 
mental conditions are explained in the legend of Fig. 2. The results appear 
in Fig. 2 and Table III. No difference in the amounts of isotope incorpo- 
rated into CO, or acetoacetate was detected for slices of liver prepared from 
diabetic and insulin-treated diabetic rats. 


DISCUSSION 


In both experiments in vivo, it was observed that insulin-treated diabetic 
rats converted less of the isotope of intravenously injected tripalmitin- 
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1-C to CO, than did the untreated diabetic rats. Since prolonged insulin 
treatment may increase temporarily the fat content of the liver (13), 
it may be argued that the decrease in CO: observed in the insulin-treated 
rats, especially those of Experiment A, might be due to a greater dilution 
of the injected isotope in these rats. This does not seem to be the case, 
however, for a reduction in C“O:, recoveries was manifest in Experiment 
B between 2.5 and 6.5 hours after a single injection of insulin, at which 
time the fat content of the livers of the insulin-treated and untreated rats 
is about the same. The view that insulin depresses the oxidation of the 
injected tripalmitin is further supported by the finding that the normal 
control rats converted less of the injected tripalmitin to CO, than did the 
untreated diabetic rats. Here the comparison between normal and un- 
treated diabetic rats is not complicated by differences in fatty acid content 
of their livers. 

This effect of insulin was also observed in vitro with slices of liver labeled 
in situ with tripalmitin-1-C™. A given weight of liver slices prepared from 
an insulinized diabetic rat converted less of the injected C™ of the tripal- 
mitin-1-C™ to CO: and acetoacetate than did the same weight of liver 
slices obtained from an untreated diabetic rat. It should be recalled here 
that, under the influence of insulin injections, the liver of the alloxan- 
diabetic rat enlarges (13). Nonetheless, if the whole of the livers of the 
diabetic or insulin-treated diabetic rats had been allowed to oxidize pal- 
mitic acid-1-C™, the conclusion would still be reached that the untreated 
diabetic rat liver has the greater capacity for oxidation of the injected 
triglycerides. For example, in the case of Experiment 2, Table I, the 
liver weight of the insulin-treated diabetic animal was found to be about 
twice that of the untreated rat. But the liver slices prepared from the 
untreated diabetic rats oxidized over five times as much tripalmitin-1-C" 
to CO: and acetoacetate carboxyl carbon as did the liver slices prepared 
from the insulin-treated diabetic rat. Thus, the total oxidizing capacity 
of the entire liver of the insulin-treated diabetic rat would be less than 
one-half that of the diabetic animal. 

The question now arises whether insulin has actually reduced the break- 
down of palmitic acid to acetyl SCoA, thereby reducing its conversion to 
CO, and acetoacetate, or whether the hormone has acted to increase the 
recondensation of acetyl SCoA derived from the labeled palmitic acid for 
synthesis of new fatty acid molecules.2. To distinguish between these two 
possibilities, the incorporation of the C™ of the carboxyl carbon of palmitic 
acid into the other carbons of 16-carbon fatty acids (decarboxylated moiety) 
of the isolated liver glycerides was measured. The results are presented 
in Column I, Table IT. 


2 It has been demonstrated that insulin promotes the incorporation of the C™ of 
acetate-C™ into fatty acids by livers from normal (14, 15) and diabetic (16) animals. 
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A study of these results indicates that diversion of isotopic acetyl SCoA, 
derived from palmitic acid-1-C", for fatty acid synthesis played a minor 
réle in this reduction of utilization of fatty acid-C“ brought about by the 
insulin treatments. For example, in Experiment 4, Table II, averages 
of 0.47 per cent for the two insulin-treated rats, and 0.13 per cent for the 
untreated rats, were recovered in the decarboxylated moiety of the 16- 
carbon fatty acids. It can be estimated from the data of Dauben et al. 
(17) that, when liver slices are incubated with acetate-1-C™, approxi- 
mately seven-eighths of the C™ recovered in 16-carbon fatty acids is present 
in the decarboxylated 15-carbon moiety. In experiments carried out in 
this laboratory with liver slices from untreated diabetic rats incubated 
with acetate-1-C™, it was observed that about 71 per cent of the C™ uti- 
lized for fatty acid synthesis is incorporated into the 16-carbon fatty 
acids.* The corresponding figure for the insulin-treated diabetic rat is 
58 per cent. We can therefore estimate that (100/71) X (8/7) X 0.13, 2.e. 
0.21 per cent C™, was used for resynthesis of fatty acids by liver slices of 
untreated diabetic rats, and (100/58) X (8/7) X 0.47, 7.e. 0.93 per cent 
C*, by the liver of insulin-treated rats. While resynthesis of fatty acids is 
clearly higher for the insulin-treated rats, this C diversion can account for 
only a small part of the depression by insulin in C utilization. This holds 
true whether the C"™ utilization is measured by the difference between the 
two hormonal states either in the per cent utilized for CO» plus acetoace- 
tate (3.5 per cent)‘ or in the per cent that disappeared during incubation 
(4.8 per cent, Column K, Table II1). We may therefore conclude that 
insulin treatment reduced the utilization of palmitic acid in the liver slices 
from diabetic rats primarily by restricting the breakdown of the fatty acid. 

While insulin spared the oxidation of palmitic acid in vivo and in vitro, 
no such effect could be observed with the isotopic short chain fatty acid, 
octanoate-1-C'. No difference in the amount of isotope incorporated 
in acetoacetate (Table III) or CO, (Fig. 2) was detected for the slices of 
liver from the diabetic or insulin-treated animal. This raises the question 
whether the same enzyme system is responsible for the oxidation of palmitic 
as for octanoic acid in liver. Enzymes involved in the breakdown of 
fatty acids, which are known to be specific for various degrees of chain 
length, have been reported (18). If octanoic and palmitic acids are acted 
upon by different enzyme systems, then only the one concerned with the 
catabolism of palmitic acid is sensitive to the remedial effects of insulin. 

Because palmitic acid behaves differently from octanoic acid in the 
above respect, caution must be applied to the interpretation of the re- 


3 Unpublished observation. 

‘ Calculated from Table II as follows: the average (Columns E + F + G) of the 
untreated minus the average (Column E + 2 X Column F) of the insulin-treated 
rats. 
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sults of experiments where short chain fatty acids are employed. The 
available data (1, 19, 20) indicate that the short chain fatty acids are more 
rapidly oxidized than are the long chain fatty acids (those commonly found 
in animal fats). 

Another effect of insulin is indicated by relative amounts of isotope in- 
corporated into acetoacetate and COs. In connection with the restric- 
tion of palmitic acid breakdown induced by insulin, we observed a greater 
depression in the conversion of isotope to acetoacetate than to CO: (Tables 
I and II). It would appear that the pathway leading to acetoacetate is 
more subject to fluctuation than is that leading into the Krebs cycle. 
This is in accord with the view that acetoacetate may act as a reservoir for 
2-carbon fragments when excessive breakdown of fatty acids in diabetes 
prevents their usual disposal through the Krebs tricarboxylic acid cycle. 
Because of an active deacylase (21) and poor activation of acetoacetate to 
acetoacetyl SCoA by liver, the acetoacetate reservoir contributes but 
little to the metabolic activity of liver. In the intact animal, however, 
this reservoir is drawn upon by extrahepatic tissues. 

It was found earlier that, in the normal rat, carbohydrate spares the 
oxidation of palmitic acid by restricting its breakdown (1). Since insulin 
increases carbohydrate utilization in liver (22-25), it is reasonable to 
conclude that the action of the hormone in restricting fatty acid break- 
down in the diabetic rat is secondary to the action of the hormone on 
carbohydrate metabolism. Similar conclusions have been drawn in con- 
nection with the action of insulin on hepatic lipogenesis from acetate (15) 
and on glutathione synthesis from glycine in liver (26). Thus it would 
seem that a variety of effects in liver attributed to insulin, namely those 
on fat and protein synthesis and on restriction of fat breakdown, are 
manifestations of the rate of carbohydrate utilization. 


SUMMARY 


1. C“OOH-labeled tripalmitin was injected intravenously into un- 
treated and insulin-treated diabetic rats. The expired CO: was collected 
at various intervals for 4 hours and was assayed for radioactivity. In- 
sulin injections resulted in a reduction in both the cumulative and specific 
activity values for the expired COo. 

2. Liver slices from similarly treated rats were studied in vitro. Liver 
slices prepared from the insulin-treated rats converted less of the palmitic 
acid-C™ to both CO: and acetoacetate than did slices from untreated rats. 
The reduction in this conversion was greatest for acetoacetate. 

3. The question arose as to whether insulin treatment reduced the 
breakdown of palmitic acid-1-C™ to acetyl SCoA, or whether the hormone 
diverted the latter from an oxidative pathway to synthesis of new fatty 
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acid. Although C™ analysis of the decarboxylated moieties of the 16- 
carbon fatty acids of the liver glycerides indicated that resynthesis of 
fatty acids was higher in the insulin-treated rats, this diversion of C™ 
accounted for only a small part of the depression in the C™ utilization 
effected by insulin treatment. Thus insulin spares palmitic acid utiliza- 
tion principally by restricting its breakdown. 

4. Insulin treatments failed to reduce the oxidation of octanoate-1-C™ 
in vitro. 

5. The view is proposed that the sparing of long chain fatty acid oxida- 
tion by insulin, like its action on lipogenesis, is a manifestation of in- 
creased glucose utilization in liver. 
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A MODIFIED METHOD FOR PROTEIN SEPARATION BY ZONE 
ELECTROPHORESIS ON A STARCH GEL* 


By PETER BERNFELD anp J. 8. NISSELBAUMT 


(From the Cancer Research and Cancer Control Unit and the Department of 
Biochemistry and Nutrition, Tufts University School of Medicine, 
Boston, Massachusetts) 


(Received for publication, October 10, 1955) 


In the present paper (1) a method of preparative zone electrophoresis 
(cf. 2, 3) is described in which a stiff starch gel with only 7 to 8 per cent 
of solid constituents is used as a supporting medium. Two simple devices 
will be described, one for the fractionation of 2 ml. of protein solution 
and the other for processing up to 50 ml. of solution, containing 5 to 10 
per cent of protein mixture. Both devices have been used successfully in 
our laboratory, and some of the results obtained with them, in particular 
the fractionation of plasma proteins from tumor-bearing mice, will be pre- 
sented in this communication. 


EXPERIMENTAL 


Mouse Plasma—Citrated blood from Sarcoma 180-bearing mice of the 
C57BL/6 strain was collected as described elsewhere (4). The plasma 
obtained from pooled blood was lyophilized, and the solid residue was 
redissolved in an amount of water equal to about half of the volume of the 
original plasma. This concentrated plasma contained 60 to 80 mg. of 
protein per ml. and was dialyzed at 0° for 48 hours against Tris (tris- 
(hydroxymethyl)aminomethane)-citrate buffer, pH 8.8, and ionic strength 
0.03, prepared by dissolving 18.3 gm. of Tris and 2.1 gm. of citric acid 
monohydrate in 2000 ml. of water. The buffer solution was renewed sev- 
eral times during the dialysis. 

Starch Gel—The quantities indicated in this paragraph are those used 
for the preparation of the supporting medium in the small scale apparatus. 
20 times the given quantities were used for the large size cell. Toa boiling 
mixture of 30 ml. of water and 100 ml. of a Tris-citrate buffer, pH 8.8, 
ionic strength 0.06 (containing 18.3 gm. of tris(hydroxymethyl)amino- 
methane and 2.1 gm. of citric acid monohydrate per liter), a concentrated 
slurry of recently prepared corn amylose containing a total of 3 gm. of 

*This investigation was supported in part by an institutional grant of the Ameri- 
can Cancer Society. 

t Postdoctoral Research Fellow of the National Institutes of Health, Public 
Health Service. 
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carbohydrate was added. The amylose had been prepared according to 
Schoch et al. (5, 6), and the carbohydrate content of the slurry had been 
determined on each batch of amylose by measuring the dry weight at 110° 
(between 5 and 10 per cent). Immediately after the addition of amylose, 
enough water was added to the mixture to complete the volume to 190 
ml.; then 6 gm. of Hyflo Super Cel and a suspension of 6 gm. of a com- 
mercial corn-starch in 10 ml. of water were introduced slowly with moderate 
stirring. After boiling for 10 minutes, the hot mixture was poured into 
the electrophoresis cell and was allowed to cool overnight. During this 
time the starch paste hardened to a stiff, elastic gel. 

Small Cell—The hot starch paste was poured into a rectangular cell made 
of acrylic resin (30 X 5 cm. base, 1.3 em. high). After cooling and hard- 
ening of the medium, a 0.5 X 4.5 cm. slot was cut transversely in the gel, 
about 5 cm. from one end.'!. The slot was filled with 2 ml. of protein solu- 
tion, containing up to 150 mg. of protein, previously dialyzed against buffer 
of 0.03 ionic strength. Both ends of the cell were connected through 
filter paper strips to beakers containing reversible silver-silver chloride 
electrodes. The cell was covered with a glass plate to avoid evaporation, 
and the entire apparatus was placed in an ice box at 13-15°. An electric 
field of 6.7 volts per em. (200 volts difference of potential between the 
electrodes, 15 to 20 ma.) was then applied for 18 hours. The protein 
zones could be seen under ultraviolet light; with human plasma as the 
protein mixture, albumin appeared as a light band at a distance of about 
20 cm. from the slot and 6-globulins as dark areas at a distance of 10 em. 
The latter could be seen as red and yellow areas under ordinary light. 

In order to collect the protein fractions, the entire gel was cut transversely 
into 1 em. sections. Each section was eluted with 3 ml. of water by 
triturating the gel in a test-tube with a mechanical stirrer, followed by 
centrifugation of the mixture. The elution was repeated twice more, and 
all eluates from the same section were combined. The liquid remaining in 
the slot was pipetted out before cutting the gel and was later combined 
with the eluate of the section to which it belonged. The protein content 
of the eluates of each section was determined on aliquots by means of the 
method of Lowry et al. (7), with crystalline chymotrypsin as the reference 
protein. Since the starch mixture itself gives a slight reaction with the 
phenol reagent, it is necessary to subtract a correction value from the 
protein content found in each section. The correction value was ob- 
tained from the eluate of a section of the starch gel not containing protein, 
i.e. from the sections on both extremities. The recovery of applied protein 
calculated from the sum of all fractions was generally near 100 per cent. 


1 Care was taken not to cut through the sides of the cell in order to prevent the 
material, which was later placed in the slot, from leaking out between the gel and the 
walls of the cell. 
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A plot of the protein content per section, as a function of the distance of 
the section from the point of application of the protein, yielded patterns 
which were analogous to those obtained with the same plasma by the 
method of moving boundary electrophoresis, and which showed the dis- 
tribution of protein on the gel. The eluates from the starch gel were then 
pooled into a small number of fractions (six to eight), according to the 
protein distribution on the gel. Thus, one fraction for each of the elec- 
trophoretically recognizable plasma constituents (albumin, a-, 8-, and 
y-globulins) and for some intermediate fractions was obtained. 

In order to remove amylose which was eluted from the starch gel and 
which slowly precipitated from the solutions, each fraction was centrifuged 
at 20,000 X g in an International centrifuge with a high speed attachment. 
The clear supernatant solutions were concentrated to a protein content of 
5 to 10 per cent by lyophilization and by redissolving the residue in small 
volumes of distilled water. They were then freed from soluble starch by 
exposing them to an electric field of 15 volts per em. in a standard 6 ml. 
Tiselius cell of a Perkin-Elmer electrophoresis apparatus, after dialysis 
against buffer (Tris-citrate buffers, ionic strength 0.02, pH 3.5 for y-glob- 
ulin, pH 8.8 for all other fractions). Thus, the protein was allowed to 
migrate away from the soluble starch and the pure protein solution could 
be drawn off easily after closing the cell. An attempt to remove the 
starch by digestion with a-amylase and subsequent dialysis was not satis- 
factory. Dry powders from the starch-free fractions were obtained by 
lyophilization of the solutions after dialysis against 0.01 m NaCl solution. 

Large Cell—The cell had the dimensions of 30 X 30 cm. and was ad- 
justable in width from 1 to 5 cm. It was constructed of cast aluminum, 
and the surfaces were dip-coated with a thin layer of rubber for electrical 
insulation. Both walls were hollow, and cold water from a commercial 
water cooler was circulated through them, directed by a system of baffles. 
The cell was mounted on a heavy base by two swivel joints which allowed 
it to be turned to a horizontal position. 

The electrode vessels were made of acrylic resin blocks which were fixed 
to the ends of the cell; the joints were made water-tight by soft rubber 
gaskets. The electrode compartments were 30 cm. high, 2 cm. deep, and 
1 em. wide, separated from the cell by cellulose membranes. The elec- 
trodes were electrolytic silver rods, 31 cm. long and 0.5 cm. in diameter. 
They were made reversible by coating them with silver chloride and packing 
them in a heavy suspension of finely ground anion exchange resin? charged 
with chloride.2 A concentrated solution of sodium chloride could not be 


* The high capacity resin Amberlite IR-4B, Rohm and Haas Company, was used. 

3 Any silver or silver chloride which was peeled from the electrodes was allowed 
to remain mixed with the ion exchange resin, and the mixtures were used again with 
opposite polarity. 
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used as a source of chloride, since the salt would diffuse rapidly into the 
gel, increasing its conductivity and thus markedly reducing the mobilities 
of the proteins. 

The hot starch paste was poured into the cell with the electrodes in 
place. <A piece of acrylic plastic, 32 cm. high, 0.5 em. thick, and 0.4 em. 
narrower than the width of the cell, was inserted vertically into the hot 
paste, about 5 cm. from the cathode and 0.2 em. from each wall. The 
cell was cooled, and the paste was allowed to harden to a gel overnight, 
with the plastic piece fastened in place. The plastic piece contained a 
longitudinal hole through which the protein solution was introduced, as 
the plastic was slowly withdrawn. This technique helped to avoid collapse 
of the gel. 

The electrophoretic migration of protein could be followed by observa- 
tion under ultraviolet light. When plasma was employed, the current 
was interrupted after the albumin, noticeable as the fastest moving pro- 
tein, had migrated about 20cm. The liquid from the slot was withdrawn,' 
and the cell was turned to an almost horizontal position. The top wall 
was removed, and the gel was cut as described. 

To elute the protein from the gel and simultaneously to remove soluble 
starch, the gel pieces were placed in suitable containers, overlaid with 
buffer solution, and an electric field was applied to the system. The 
protein thus migrated out of the starch and into the overlaying buffer 
solution which was then siphoned to yield starch-free protein eluates. 

Electrophoretic Analyses—The composition of the fractions was studied 
by using a 2.5 ml. Tiselius cell of a Perkin-Elmer apparatus with Veronal- 
citrate buffer, pH 8.6, ionic strength 0.1, in an electric field of 10 volts per 
cm. as described previously (8). Salt anomalies were reduced by the ad- 
dition of appropriate amounts of water to the dialyzed protein solu- 
tion (9). 

Measurement of Electroosmosis—0.5 ml. of a 20 per cent solution of 
crystalline bovine serum albumin® in Tris-citrate buffer, pH 8.8, and 
ionic strength 0.06, was mixed with 0.5 ml. of a 20 per cent solution of 
hydrogen peroxide. The slot in a starch gel contained in the small scale 
apparatus was filled with 0.8 ml. of this mixture. In contrast to the 
standard conditions observed during electrophoretic fractionations, this 
slot had been cut into the gel at about 10 cm. from one end and had the 
dimensions of 0.15 X 4.5cm. A difference of potential of 150 volts at the 
electrodes was maintained for 18 hours. At the end of this time, the 
position of the albumin zone was observed under ultraviolet light, and its 

‘ This liquid was later freed from soluble starch in an electric field and then com- 


bined with the eluate of the section to which it belonged. 
5 Obtained from Pentex, Inc., Kankakee, Illinois. 
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distance from the slot was measured. The gel was then cut into 1 em. 
sections as described, and each section was eluted once with 2 ml. of 2 nN 
H.SO,. The liquid contained in the slot had been pipetted before the 
cutting and was combined with the starch gel of its proper section before 
the elution. 2 ml. aliquots of each section were titrated with 0.1 n KMnO, 
to locate the position of H,O2 as an indicator of electroosmotic flow. 


SN BGS ® 
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DISTANCE FROM ORIGIN IN CM 


Fic. 1. Zone electrophoretic protein fractionation of plasma from tumor-bearing 
mice. Tris-citrate buffer, pH 8.8, ionic strength 0.03. Electric field, 6.5 volts per 
em. (200 volt difference of potential at the electrodes, with a current of 6 ma.). Dura- 
tion, 21 hours and 40 minutes; amount of protein applied, 142 mg.; amount of protein 
recovered, 188 mg. The direction of migration is indicated in the figure by an arrow. 
The origin, i.e. the location of the slot in the starch gel where the protein was applied, 
was at the line marked 0. The horizontal dotted line indicated the true base-line of 
protein. This correction was necessary due to a slight reaction with the protein rea- 
gent of non-protein material from the starch gel. The vertical dotted lines indicate 
how the eluates from all twenty-four starch sections were pooled into six protein 
fractions. 


Results 


When pooled plasma from tumor-bearing mice was subjected to zone 
electrophoresis on starch gel in the small scale apparatus, a protein dis- 
tribution on the starch medium, as seen in Fig. 1, was found. 

The data in this chart were obtained from one typical experiment. Other 
experiments with the same plasma gave like results. The diagram in 
Fig. 1, representing a plot of protein recovery versus the position of protein 
in the medium, bears a marked resemblance to the diagram of the moving 
boundaries obtained in the Tiselius cell (see the last diagram in Fig. 2, a). 
Both show four main peaks, corresponding to albumin, a-, 8-, and y-globu- 
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lins, respectively. In particular, the comparison of the apparent mobili- 
ties of the protein fractions in the starch gel with those in free solution 
(Tiselius cell) shows that there is little if any electroosmotic flow. 

The twenty-four eluates were pooled into six fractions as shown in 
Fig. 1. Thus, one fraction at each of the protein peaks was obtained 
(Fractions I, III, V, and VI). Since there were areas on the gel between 
the main peaks which contained mixtures of protein, the eluates from 
these areas were combined into intermediate fractions, e.g. Fractions II 
and IV. 


a ge WHOLE pRAgTION 
vl PLASMA " 


fli Nee 


Geel 
AaBy Aa yar 
Fig. 2, a Fia. 2, b 


Fias. 2,a and 2, b. Electrophoretic patterns of whole plasma from tumor-bearing 
mice and of the fractions obtained therefrom by zone electrophoresis. The origin, 
i.e. the position of the protein boundary before application of the electric field, is 
marked by a vertical dotted line under each picture. The direction of migration is 
marked by a horizontal arrow. The positions of the boundaries of each plasma pro- 
tein constituent in the diagram of whole plasma are indicated by vertical lines, 
marked A for albumin, and a, 8, or y for the corresponding globulins. Markers at 
the same distance from the origin are shown under the pattern of each fraction. 


The recovery of protein in all eluates was 58 mg. in a typical experiment 
when 60.5 mg. of plasma protein had been applied to the gel. 

Boundary Electrophoretic Analyses—Figs. 2,a and 2, b show that Fraction 
I consists chiefly of albumin. Fraction III contains a-globulin as the main 
component and a small amount of a slightly slower moving protein. Since 
the mobility of the latter is faster than that of 8-globulin, this protein is 
designated as a;-globulin, analogous to the slow moving a-globulin found 
in certain human plasmas. An a;-globulin with the mobility of that found 
in Fraction III can also be detected in the patterns of whole mouse plasma 
(last diagram of Fig. 2,a). Fraction V consists mainly of 6-globulin, and 
Fraction VI is a mixture of B- and y-globulins. Fractions I] and 1V are 
mixed fractions (see Fig. 2, b). The former contains albumin and a-glob- 
ulin, the latter a- and exgiubeline, 

Planimetric evaluations of the patterns in Figs. 2, a and 2, b yielded data 
indicating the content of albumin or of the respective globulins in each of 
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the fractions. The results of these evaluations are shown in Table I. 
This table also gives the amount of protein contained in each fraction, 
expressed in per cent of the total amount of protein eluted from the starch 
(sum of the protein contents of all twenty-four eluates) as calculated from 
the data of Fig. 1. 


TABLE | 


Electrophoretic Analysis of Six Fractions, Obtained from Mouse Plasma 
by Zone Electrophoresis 





\Protein ee Protein content as per cent of total protein per fraction 
. : q as per cent 0 
Fraction No. | “total protein 








recovered Albumin a-Globulin 

















e;-Globulin | 8-Globulin | y-Globulin 
a | a eee — ee, Kee SS ns | = 

I 41.0 | 97.0 3.0 

il 10.5 42.5 57.5 | 
Il 13.1 | 3.0 84.4 | 12.6 | 

IV 8.4 | 10.25 56.2 | 26.2 | 7.35 

Vv 15.3 | | 18.8 81.2 

vI 7 | | 6.95 | 51.2 41.85 








HUMAN y-GLOBULIN 
PH 86 


{) 


DESCENDING RISING 


Fic. 3. Electrophoretic patterns of human y-globulin in Veronal-citrate buffer, 
pH 8.6, ionic strength 0.1. The peaks represent, read in the direction of the arrows, 
salt anomaly, y-globulin, and 3 per cent of a faster moving impurity. 


Fraction VI from the plasma of tumor-bearing mice turned out to be very 
heterogeneous (Table I, Fig. 2,a). This is probably owing to the very low 
concentration of y-globulin in the original plasma. Good y-globulin 
preparations, however, can be obtained by zone electrophoresis on starch 
gel. The result of an electrophoretic analysis of normal human y-globulin 
prepared in the large apparatus is shown in Fig. 3. 

The electroosmotic flow in the starch gel appears to be negligible, since 
it is obvious that the relative distances from the origin of each plasma 
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protein fraction are the same, whether the migration took place on the 
starch gel (Fig. 1) or in free solution in a Tiselius cell (last diagram of Fig. 
2,a). Further evidence for the practical absence of electroosmosis was 
demonstrated by an experiment in which a mixture of hydrogen peroxide 
and bovine serum albumin was exposed to an electric field in a starch me- 
dium at pH 8.8 (Fig. 4). The figure shows that albumin migrated toward 
the anode. The front of the albumin zone, observed under ultraviolet 
light, was 14 cm. from the origin (arrow). The consumption of perman- 
ganate in this area was due to the protein itself, measured with albumin 


ML. 0.1 N KMnQ, 

15+ 

10) 
WwW uJ 
3 \ 3 

5+ x 2 
- a § 
3 








70-5 0 5 W 6 20 
CM. FROM ORIGIN 

Fic. 4. Demonstration of the absence of electroosmotic flow in zone electro- 
phoresis of bovine serum albumin on a starch gel carrier medium. Abscissa, distance 
from the origin. The location of the point of application of the albumin-H.0, mix- 
ture (the slot) is marked 0. Ordinate, consumption of 0.1 Nn KMnO, per section, in- 
dicating the position of H2O2. The front of the albumin zone was observed under 
ultraviolet light and is indicated in the figure by an arrow. The KMnQ, consumption 
behind the arrow was due to albumin. 


alone in a control experiment. During the same time, hydrogen peroxide 
diffused into the gel on both sides of the origin. The distribution of per- 
oxide in the gel indicates that the electroosmotic flow was less than 0.5 em. 

. towards the cathode. The recovery of peroxide in this zone was 80 per 
cent. 


DISCUSSION 


The use of a gel as the supporting medium in electrophoresis, in par- 
ticular agar jelly, has been described by several authors (10-12). Since 
agar is itself an electrolyte, it is liable to form complexes with proteins. 
Its use is, therefore, limited to those proteins which will not interact with 
it. A method of analytical electrophoresis in which a starch gel was used 
as the supporting medium has been reported by Smithies (13). 





The s 


necessar 
a consis 
collectin 
than 8 p 
the sam 
electroo: 
tween ¢ 
starch g 
granules 
soaked ° 
constitu 
regular 
high cor 
of causi 
placing 
interfere 
to electr 
as a sup 
ties of | 
cause U1] 
occur. 
still lars 
proper e 
The e 
chanical 
tion of 
amylose 
tration — 
lead to 
ever, to 
of Hyfic 
zine Oxi 
elasticity 
An ap 
is the sc 
solution: 
by the 1 
proteins 
overlayi 
plying a 
both sol 











P. BERNFELD AND J. S. NISSELBAUM 859 


The starch gel described in this paper appears to have all the qualities 
necessary for a good carrier medium in zone electrophoresis, 7.e. (1) it has 
a consistency permitting the easy removal of sections for the purpose of 
collecting fractions, (2) due to the low content in solid constituents (less 
than 8 per cent) the protein is able to migrate freely in this medium, (3) for 
the same reason, and in contrast with all other supporting media described, 
electroosmosis has been found to be negligible, and (4) no interaction be- 
tween constituents of this medium and proteins has been observed. This 
starch gel contrasts, therefore, with supporting media composed of starch 
granules (14, 15), cellulose slabs (16), or glass powder (17), which are solids 
soaked with aqueous solution, and contain 50 per cent or more of solid 
constituents. Protein particles migrating in such media must travel ir- 
regular paths, since they encounter many barriers (18). The extremely 
high content of solid material in these media has also the disturbing effect 
of causing a considerable electroosmotic flow of the buffer (14), thus dis- 
placing all protein zones toward the cathode. This phenomenon generally 
interferes with the proper identification of the protein fractions according 
to electrophoretic mobility. In addition, the use of a modified starch gel 
as a supporting medium makes it possible to process rather large quanti- 
ties of protein, since channel formation and non-uniform packing which 
cause uneven current distribution and irregular zones of protein do not 
occur. Further increase of the dimensions of the cell for fractionation of 
still larger amounts of protein should not present serious difficulties, if 
proper engineering of the apparatus provides an efficient cooling system. 

The composition of the starch gel is of decisive importance for its me- 
chanical properties. The addition of amylose is necessary for the forma- 
tion of a suitable gel (19). A 3 per cent starch paste without added 
amylose would yield a highly viscous liquid. The use of a higher concen- 
tration of starch without addition of amylose, on the other hand, may 
lead to the formation of a solid gel. Such a gel has been found, how- 
ever, to hinder free electrophoretic migration of proteins. The addition 
of Hyflo Super Cel to the mixture has the same effect as the addition of 
zinc oxide to rubber as a reinforcing filler. It increases the modulus of 
elasticity and improves the mechanical resistance of the product. 

An apparent disadvantage in the use of a starch gel as a carrier medium 
is the solubility of the starch which must be removed from the protein 
solutions after the fractionation. This disadvantage is compensated for 
by the many advantages of the method, since it is possible to extract the 
proteins from the gel with simultaneous removal of soluble starch. Simply 
overlaying the separated section of starch gel with salt solution and ap- 
plying an electric field to this system allow the protein to move away from 
both soluble and insoluble starch. 
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SUMMARY 


A starch gel consisting of 3 per cent of corn-starch, 1.5 per cent of addi- 
tional amylose, 3 per cent of Hyflo Super Cel, and the proper buffer solution 
has been used as an improved supporting medium in zone electrophoresis 
for the fractionation of plasma proteins. This medium forms a stiff gel 
which can easily be cut into small sections for the purpose of separating the 
protein zones obtained in the electric field. Because of the low content of 
solids in this medium, the electroosmotic flow is negligible. The peculiar 
properties of the starch gel allow a considerable increase in the capacity of 
the cell and hence in the amount of protein undergoing fractionation. Two 
devices have been described in this paper, a small scale cell for the separa- 
tion of 2 ml. and a large cell for fractionating up to 50 ml. of a 5 to 10 per 
cent protein solution. A detailed description of the method and its use in 
isolating six protein fractions from mouse plasma are given. A prepara- 
tion of pure human y-globulin is illustrated. 


We wish to express our thanks to Professor E. E. Leavitt of the Me- 
chanical Engineering Department of Tufts University for designing and 
manufacturing our large scale apparatus, and to Eugene Zack for valuable 
assistance in the work. 
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THE SYNTHESIS OF ARGININE FROM 
GUANIDOACETIC ACID 


By WILLIAM H. HORNER,* IRWIN SIEGEL,{ anp JOSEPH BRUTON 


(From the Department of Metabolism, Army Medical Service 
Graduate School, Walter Reed Army Medical Center, 
Washington, D. C.) 


(Received for publication, November 17, 1955) 


Guanidoacetic acid is an important precursor of creatine in the organ- 
ism (1-4). Other than this, little is known regarding the metabolism of 
this compound. Guanidoacetic acid is formed in the body by the transfer 
of the amidine group of arginine to glycine (1, 2, 5) according to the follow- 
ing reaction, arginine + glycine — guanidoacetic acid + ornithine, which 
is catalyzed by a transamidinase enzyme system. Although this reaction 
has been known for some time, data which indicate its reversibility do not 
appear to be available. It therefore seemed of interest to investigate this 
possibility, and the results of the present investigation indicate that guani- 


doacetic acid can be utilized by the rat for the synthesis of the amino acid, 
arginine. 


EXPERIMENTAL 


Preparation of Guanidoacetic Acid-Amidine-C'—F or the synthesis of thi- 
ourea-C™, the procedure employed was essentially that described by Bills 
and Ronzio (6). 197.4 mg. (1.0 mm) of BaC™O, containing 1 me. of radio- 
carbon were reduced to barium cyanamide and this in turn converted to 
thiourea. A yield of 94 per cent (71.7 mg.) of radioactive thiourea was 
obtained. 

For the synthesis of guanidoacetic acid-C™, a semimicro adaptation of 
the procedure described by Brand and Brand (7) wasemployed. The thio- 
urea was diluted to 5 mmoles with non-isotopic thiourea, and the entire 
quantity was converted to S-ethylthiourea hydrobromide. This was con- 
densed with glycine to give guanidoacetic acid. The over-all yield of high 
activity material was 389 mg. (67 per cent). The compound was purified 
by recrystallization from water. The decomposition point (capillary) of 
260-265° was identical with that obtained with pure guanidoacetic acid. 
Nitrogen analysis (Kjeldahl): theory 35.9 per cent, found 36.4 per cent. 
The compound gave a positive Sakaguchi reaction, and the color was char- 

* Present address, Department of Biochemistry, State University of New York, 
College of Medicine at New York City. 

t Present address, Veterans Administration Hospital, Cleveland 30, Ohio. 
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acteristic of that obtained with pure guanidoacetic acid. No C™O, was 
detected when the compound was treated with mineral acid or urease. The 
compound was chromatographed on paper with butanol and acetic acid 
solvent (8). The Rr value corresponded with that of an authentic sample 
of guanidoacetic acid. Scanning of the strip with a portable thin window 
Geiger-Miiller tube revealed that all of the radioactivity was located in the 
synthesized compound. The specific activity of the amidine carbon of the 
C-guanidoacetic acid was determined and found to be 2.6 X 108 ¢.p.m, 
per mmole. 

Measurement of Radioactivity—All the samples were transferred to filter 
paper disks and assayed for radioactivity by procedures similar to those 
described by Mackenzie et al. (9). All the samples were assayed with a 
preflush windowless gas flow Geiger-Miiller tube. Corrections were made 
for background and self-absorption. The isolated arginine monoflavianate 
and the dixanthydrolurea were plated and counted directly. Carbon di- 
oxide was counted as BaCQs. 

Experiments with Intact Animals—Adult male albino rats were used. 
Food and water were given ad libitum. The animals were fed a commercial 
stock diet before and during the experiments. They were injected intra- 
venously (tail vein) with 0.1 mmole of C'-guanidoacetic acid dissolved in 
1.0 ml. of 0.1 N HCl, then immediately placed in a closed metabolism ap- 
paratus similar to the one described by Mackenzie et al. (9). The expired 
carbon dioxide was collected in 2.5 n NaOH (CO+-free). At predetermined 
intervals the absorption towers were removed and aliquots of the contents 
taken for assay of radioactivity. The urine was collected in several ml. of 
1 n sulfuric acid. The urine was quantitatively removed at intervals from 
the cage reservoir. The radioactivity of the urea carbon was determined 
by assaying the carbon dioxide liberated from the quantitative decomposi- 
tion of the urinary urea by urease. At the termination of an experiment 
the animal was removed from the apparatus, sacrificed, and quickly frozen. 

Several attempts were made to isolate non-protein arginine from homog- 
enates of the frozen carcasses. Protein was removed by treating the ho- 
mogenate with trichloroacetic acid and filtering the precipitated protein. 
The filtrate was passed over a column of Amberlite [R-400 OH- to remove 
trichloroacetic acid and other anions. Arginine was then quantitatively 
removed from the effluent solution. This was accomplished with the aid 
of the resin Amberlite IRC-50 buffered to pH 7.0 with acetate, as suggested 
by Winters and Kunin (10) for the separation of arginine from protein 
hydrolysates. Unfortunately, the quantity of non-protein arginine per car- 
cass was so minute that a quantitative assay of its activity was not possible. 
Since urea was present in the eluate from the IRC-50 resin, it was of interest 
to determine its specific activity. This was done either by degradation 
with urease or precipitation as the dixanthydrol derivative. 
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Experiments with Homogenates—For each experiment, two adult albino 
male rats were sacrificed by a blow on the head. The kidneys were re- 
moved, weighed, and homogenized in a Waring blendor with a bicarbonate 
buffer prepared according to Winnick ef al. (11). 10 ml. of buffer were 
added per gm. of wet tissue. The homogenate was divided into equal parts, 
and each was placed in separate glass-stoppered Erlenmeyer flasks. The 
following substrates were then added to each flask: 0.02 mmole of C**-gua- 
nidoacetic acid, 0.20 mmole of L-ornithine hydrochloride, 1.0 or 1.5 mmoles 
of urea, and 0.5 or 1.5 mmoles of L-arginine hydrochloride (added either at 
the beginning or the end of the incubation). All operations to this point 
were carried out in the cold. After the addition of the substrates, the 
flasks were transferred to a constant temperature bath set at 37°, equili- 
brated, saturated with a mixture of 95 per cent O» and 5 per cent CO: gas, 
stoppered, and shaken mechanically for 1 hour. At the termination of the 
incubation period, trichloroacetic acid was added to 8 per cent concentra- 
tion, and non-isotopic arginine was also added if this had not been done 
previously. The mixture was centrifuged to separate the precipitated pro- 
teins. The proteins were washed once with water, recentrifuged, and the 
wash solution combined with the original supernatant solution. One-fifth 
of the total volume was set aside for urea isolation; the remainder was used 
for arginine isolation. 

Isolation of Arginine from Homogenates—6 gm. of phosphotungstic acid 
were added to the remainder of the deproteinized solution to precipitate 
the arginine, and the solution was then allowed to stand overnight at room 
temperature. The precipitate was separated by centrifugation and the 
supernatant solution discarded. The precipitate was dissolved in 11 ml. 
of 2n NaOH, and then 6 ml. of water containing 1.0 gm. of phosphotung- 
stic acid were added. The phosphotungstate was reprecipitated by the 
addition of 14 ml. of 3 Nn HCl. This procedure was repeated one more 
time. The arginine phosphotungstate was extracted quantitatively from 
the precipitate by repeated extraction with 10 ml. volumes of acetone. 
Usually three to four extractions were necessary before the Sakaguchi re- 
action for arginine was negative. The acetone extracts were combined and 
evaporated to dryness, and the residue suspended in 10 ml. of 0.1 n HCl. 
The free phosphotungstic acid was extracted with a 1:1 mixture of amyl 
alcohol and ether (12). The aqueous phase was freed of insoluble material, 
if any; then the pH was adjusted to 7.0 by the addition of alkali. An equal 
volume of 0.4 m acetate buffer, pH 7.0, was then added and the pH read- 
justed to 7.0 if necessary. The solution was allowed to pass slowly (0.5 
ml. per minute) over a column (1 X 28 em.) of IRC-50 resin that had pre- 
viously been buffered to pH 7.0 with 0.2 m acetate buffer, to separate ar- 
ginine from any residual C™-guanidoacetic acid. No arginine appeared in 
the effluent solution from the column. The column was washed slowly 
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with 0.01 m acetate buffer, pH 7.0, until radioactivity could no longer be 
detected in the effluent buffer. Usually 250 ml. of buffer were required. 
The column was then washed with 100 ml. of distilled water to remove 
excess salts. The arginine was eluted with 0.3 x HCl until the column 
was free of the amino acid. The solution was evaporated to dryness in a 
heated oil bath under a stream of dry air to remove the excess HCl. The 
residue was dissolved in 10 to 15 ml. of water and filtered. The arginine 
was isolated as the flavianate salt (13). The flavianate was recrystallized 
from boiling water. The decomposition points of several samples were de- 
termined simultaneously with an authentic sample of monoflavianate and 
were identical. The monoflavianate had the intense golden luster char- 
acteristic of the pure compound (13). Further recrystallization was found 
to have no influence on the specific activity. 

Degradation of Isolated Arginine—Several samples of the isolated arginine 
monoflavianates were pooled. The flavianate was converted to the hydro- 
chloride. The arginine hydrochloride was diluted with non-isotopic argi- 
nine hydrochloride and degraded with 5 n NaOH as described by Hamilton 
and Anderson (14). The amidine carbon was released as carbon dioxide, 
and this was collected and assayed. The ornithine moiety was isolated as 
the monohydrochloride and purified. The ornithine hydrochloride melted 
at 233°, corrected. It was chromatographed on paper with 80 per cent 
phenol as a solvent. The Rr was identical with that obtained with an 
authentic sample of the compound. 

Isolation of Urea from Homogenates—The urea was separated from the 
homogenate protein-free filtrate as the dixanthydrol derivative in a manner 
similar to that described by Allen and Luck (15). The precipitate was 
washed twice with a 50 per cent acetic acid solution containing non-isotopic 
arginine and guanidoacetic acid, then with a 50 per cent acetic acid solu- 
tion, and finally with absolute ethanol. The isolated derivative had a melt- 
ing point of 263-265°, corrected, which agrees with that reported in the 
literature. 

Isolation of COz from Homogenates—-In one instance, carbon dioxide was 
isolated from the incubation medium at the termination of the incubation. 
The solution was acidified, and the carbon dioxide released was collected 
and assayed for radioactivity. 

Control Experiments—Urease. C'*-Guanidoacetic acid and carrier urea 
were incubated with urease. The carbon dioxide was collected and assayed 
for radioactivity. ‘The CO: was inactive. 

Dixanthydrolurea. C'-Guanidoacetic acid and C'-arginine hydrochlo- 
ride (the latter prepared from the flavianates of the homogenate experi- 
ments), and carrier urea were precipitated with xanthydrol and prepared 
as described above. No significant radioactivity was detected. 
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Arginine isolation controls. Arginine was isolated, by the procedure de- 
scribed previously, from boiled kidney homogenate preparation that had 
been incubated with C'-guanidoacetic acid. No significant radioactivity 
was detected. ; 

Metabolism chamber control. C'™-Guanidoacetic acid was placed in the 
urine reservoir of the apparatus with sulfuric acid preservative. A rat was 
placed in the chamber. 24 hours later the expired carbon dioxide and urine 
urea, were assayed for radiocarbon. Both were inactive. 
































TABLE II 
Experiments with Kidney Homogenates 
Zz | si Arginine added Activity of compounds isolated 
8 & 
& Preparation Se Time Before | After | 
a a incuba-| incuba- Arginine | Urea 
Ps] = tion tion | 
gm. | min. | mmoles | mmoles Pn a total c.p.m. Ph nl total c.p.m. 
1 Unboiled /|1.39| 60 0.5 | 5.7 X 104 2.9 X 104, 1.0 X 104) 1.0 X 104 
Boiled 1.39) 60 0.5 | Inactive 
2 | Unboiled |1.67| 60 0.5 | 7.1 X 104 3.6 X 104) 5.3 XK 103) 5.3 X 103 
a 1.67; 60 | 0.5 3.2 X 104, 1.6 X 104) 1.6 X 10%) 1.6 X 10° 
3 - 1.90} 70 1.5 |6.3 X 104) 9.5 X 104, 1.1 X 104 1.7 X 104 
Boiled 1.90} 70 1.5 | Inactive 
4 Unboiled /2.11| 60 1.5 |5.5 X 10*| 8.3 X 104) 7.6 X 104 1.1 X 104 
- 2.11) 60 1.5 1.8 X 10‘) 2.7 X 104) 5.4 X 107) 8.1 X 10° 














0.02 mmole of C™-guanidoacetic acid was incubated with each run, as was 0.20 
mmole of L-ornithine. Experiments 1 and 2 contained 1.0 mmole of urea, while 
Experiments 3 and 4 contained 1.5 mmoles of urea. The calculation of the total 
activity assumes that the arginine and urea pools were equal to the amount of those 
compounds added as carrier. 

* CO, isolated was found to be inactive. 


Results 


Experiments with Intact Animals—C*-Guanidoacetic acid was injected 
into four rats, and the specific and total activities of the expired carbon 
dioxide and urinary urea were measured. The results are given in Table I. 
The expired CO: was active; its specific activity rose to a maximum about 
8 to 12 hours after the injection of guanidoacetic acid. The urinary urea 
was also active; its peak activity occurred somewhat earlier than that of 
the COs. The specific activity of the urea was always higher than that of 
the carbon dioxide. 

Experiments with Kidney Homogenates—In all the experiments with kid- 
ney homogenates incubated with C'™-guanidoacetic acid, radioactive ar- 
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ginine and urea were isolated. The results are given in Table IJ. In one 
instance, the carbon dioxide was isolated and found to be inactive. It can 
be estimated that in the course of 1 hour from 0.8 to 2.0 per cent of the 
C'-guanidoacetic acid were converted to arginine. These calculations rep- 
resent only approximate minimal values since several different reactions 
are probably proceeding simultaneously. In paired homogenate experi- 
ments the addition of non-isotopic carrier arginine before, rather than fol- 
lowing, the incubation period resulted in a 2- and 3-fold drop in the specific 
activity of the isolated arginine and a 3- and 14-fold drop respectively in 
the specific activity of the urea. 

The distribution of the radiocarbon in the newly synthesized arginine is 
given in Table IIT. 


TaBLe III 
Distribution of Isotope in Isolated C4-Arginine 
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DISCUSSION 


The only metabolic pathway of guanidoacetic acid previously known in 
the rat has been methylation of the compound to form creatine (3, 4). 
The appearance of C™ in the expired carbon dioxide and urea of the intact 
animal indicates that other pathways of metabolism exist, since both crea- 
tine and its anhydride creatinine are known to be biologically stable com- 
pounds. Since the specific activities of the carcass and urine urea were 
always greater than that of the expired carbon dioxide in the experiments 
with the intact animals, the urea could not have been derived completely 
from carbon dioxide. The most probable reaction which would explain 
these results is a reversal of the reaction for the synthesis of guanidoacetic 
acid. Arginine would thus be formed from which urea would be obtained 
by the action of kidney arginase. All or part of the radioactive carbon 
dioxide probably resulted from the decomposition of urea (16-18). 

The isolation, in kidney homogenate experiments, of C-labeled arginine 
and urea after incubation with radioactive guanidoacetic acid indicates that 
a reversal of the reaction occurred.! Further indication that this is the 

1 While this work was in progress, Fuld reported at the meeting of the American 


Society of Biological Chemists (19) that she had obtained evidence for the reverse 
reaction. Incubation of partially purified pig kidney transamidinase with guanido- 
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principal reaction is given by the following facts: (a) All of the radioactiv- 
ity was found in the amidine carbon of the C-arginine isolated. This 
strongly suggests that the amidine group was transferred in toto from gua- 
nidoacetic acid to ornithine. Ultimate proof, however, must await an ex- 
periment in double labeling. (b) The addition of carrier arginine before 
incubation in paired homogenate experiments gave results consistent with 
the hypothesis that arginine was the first compound formed and then this 
in turn gave rise to urea. The decrease in the activity of the urea is what 
would be expected if the newly synthesized radioactive arginine were di- 
luted in a large pool of non-isotopic arginine before urea was formed. (c) 
The carbon dioxide isolated from the incubation medium was inactive, in- 
dicating that the degradation of guanidoacetic acid by the kidney prepara- 
tions to C“Oz, with subsequent reincorporation into arginine and urea, had 
not occurred. 

All homogenate preparations were found to be active. The best prepara- 
tion converted 2.2 per cent of the guanidoacetic acid to arginine in 70 min- 
utes.2. This calculation is only approximate owing to the complexity of the 
enzyme systems and is based on the assumptions that no non-isotopic ar- 
ginine was formed by the system and that the urea arose solely from the 
degradation of arginine by kidney arginase. 


SUMMARY 


Guanidoacetic acid labeled with C™ in the amidine carbon was adminis- 
tered to rats. Significant quantities of the isotope were found in the ex- 
pired carbon dioxide and the urine and carcass urea. Incubation of the 
labeled material with kidney homogenates resulted in the incorporation of 
appreciable amounts of the isotope into the amidine carbon of arginine and 
in urea. 
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acetic acid and ornithine resulted in the formation of arginine. The reactants and 
products were determined by manometric techniques employing specific bacterial 
decarboxylases. 

2 We have obtained preliminary results which indicate that an enzyme system to 
catalyze this reaction exists in liver tissue. Both arginine and urea, isolated after 
incubating C-guanidoacetic acid with liver homogenates, were found to be active. 
Carbon dioxide isolated from the medium following incubation was inactive as in the 
case of the kidney. This subject is currently being pursued further and the results 
will be reported in a forthcoming publication. 
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THE CREATINE PHOSPHOFERASE OF A VISCERAL MUSCLE* 


By WALTON B. GEIGER 
(From Irvington House, Irvington-on-Hudson, New York, and the Study 
Group on Rheumatic Diseases, New York University-Bellevue 
Medical Center, New York, New York) 


(Received for publication, July 15, 1955) 


Muscles can be classified, according to Bozler (1), into striated muscle, 
including skeletal and cardiac, and smooth muscle, including visceral or 
syncytial and multiunit. The enzymology of skeletal muscle has been 
studied with a thoroughness perhaps unequaled in biochemistry, and that 
of cardiac muscle also has an enormous literature. Yet visceral smooth 
muscle has received only scattered attention from enzymologists (2-10), 
in spite of its abundance and its physiological and pharmacological interest. 
This seeming neglect may be due in part to the fact that smooth muscle 
often occurs in close association with other tissue such as gland, nerve, or 
connective tissue elements, and can be separated only with difficulty. 
Many birds, however, possess a well developed structure, the proventriculus 
or gizzard, that includes two masses of visceral muscle easily separated from 
other tissue. Although the muscle of this organ cannot in the strictest 
sense be called ‘‘smooth,”’ since striations of different kinds are present in 
some regions, it nevertheless resembles visceral smooth muscle in embryonic 
origin, innervation, and reactions to drugs and hormones (11-14). This 
present paper represents a study of the creatine phosphoferase of gizzard 
muscle. The studies of the corresponding enzyme of skeletal muscle by 


Kuby, Noda, and Lardy (15-18) have been of great usefulness to the pres- 
ent investigation. 


EXPERIMENTAL 


Domestic fowl weighing about 2 kilos were decapitated and bled for 
about 10 minutes. Then the gizzard was removed, opened, emptied, 
washed, and chilled in ice. The lining and peritoneal layers were dis- 
sected, and the muscle was chopped coarsely with a razor. The chopped 
muscle was homogenized with 4 times its weight of water in a chilled War- 
ing blendor for 2 minutes, and the extract was centrifuged. The super- 
natant solution was dialyzed for 24 hours against two 3 liter changes of 
water and then again centrifuged. The clear pink supernatant solution 

* Supported by a grant from the Helen Hay Whitney Foundation, New York. 


+ Present address, Southwest Foundation for Research and Education, 8500 Cu- 
lebra Road, San Antonio, Texas. 
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was frozen quickly in small portions and kept frozen until used. From 
20 gm. of gizzard muscle, about 30 ml. of solution were usually obtained. 
No deterioration in the activity of the enzymes reported herein was ob- 
served after storage at — 10° for 3 months. 

In the preparation described above, all water was distilled before use in 
an all-glass apparatus. All solutions used in the studies of enzymes were 
also prepared from glass-distilled water, and the glassware was rinsed be- 
fore use with glass-distilled water. 

The protein content of the extracts was determined by the method of 
Heidelberger and MacPherson (19), using a colorimetric curve obtained 
with bovine serum albumin. No detectable chromogenic substance, e.g. 
smaller peptides, not precipitable with trichloroacetic acid was present. 
No calcium could be detected in the dialyzed preparations (20, 21). The 
magnesium content was found to be 0.08 umole per microgram of protein 
(22). 

Reaction rates were determined by analyzing aliquots of the reaction 
mixtures removed at small time intervals and deproteinized with trichloro- 
acetic acid. Initial rates were obtained by graphic extrapolation. Phos- 
phocreatine was determined by the method of Fiske and Subbarow (23), 
as used by King (24), minor details being altered to suit our apparatus, and 
inorganic phosphate was determined by the method of Griswold e¢ al. (25). 
Creatine was determined by the method of Eggleton, Elsden, and Gough 
(26). 

The preparations had a barely detectable ability to hydrolyze ATP! and 
entirely lacked hydrolytic activity towards ADP, AMP, phosphocreatine, 
and glycerophosphate. No hexokinase activity could be detected. The 
phosphocreatine was prepared by the method of Ennor and Stocken (27). 
Dibenzyl-8-chloroethylamine (Dibenamine) and phenoxyisopropyl-benzyl- 
8-chloroethylamine (Dibenzyline) were given us by the Smith, Kline and 
French Laboratories, and epinephrine and a-naphthylmethy!-8-chloro- 
ethylamine (SY-14) by Parke, Davis and Company. The arterenol was 
kindly supplied by Dr. M. L. Tainter of the Sterling-Winthrop Research 
Institute. 


RESULTS AND DISCUSSION 
The effect of pH upon the rates of the reactions catalyzed by the creatine 
phosphoferase is presented in Fig. 1. The rate of formation of Cr ~ P 
was greatest at about pH 9.0, while the reverse reaction had its greatest 
velocity at pH values around 6.5. In Fig. 2 are indicated the effects of 
‘In this paper the following abbreviations are used: adenosine triphosphate, 


ATP; adenosine diphosphate, ADP; creatine, Cr; phosphocreatine, Cr ~ P; adeno- 
sine monophosphate, AMP; tris(hydroxymethyl)aminomethane, Tris. 
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the concentrations of magnesium or calcium ions on the rate of Cr ~ P 
formation. It appears that at any given concentration of ATP a maximal 
rate is observed when the molar concentration of magnesium is a little 
less than that of the ATP. Higher concentrations of magnesium ion were 
decidedly inhibitory. The corresponding enzyme of skeletal muscle is 
reported to be less markedly inhibited by the higher magnesium concen- 
trations (12). Calcium ion, as shown, was a less efficient activator and a 
stronger inhibitor than magnesium. Manganese seemed to be about the 
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Fic. 1. Effect of pH upon the activity of gizzard muscle creatine phosphoferase. 
Forward reaction (@); each ml. of the reaction mixture contained at the start 1.0 
umole of ATP, 20.0 zmoles of Cr, 1.0 umole of Mg**, 50 zmoles of Tris, and 8.0 y of 
protein. Reverse reaction (O); each ml. contained at the start 1.0 umole of Cr ~ P, 
1.0 umole of ADP, 1.0 umole of Mgt*, 50 umoles of histidine hydrochloride, and 8.0 
y of protein. V is expressed as micromoles per minute per micrograms of protein. 

Fic. 2. Effect of concentration of magnesium and calcium ions upon the phos- 
phorylation of Cr by gizzard creatine phosphoferase. Each ml. of the reaction mix- 
tures contained at the start 20.0 umoles of Cr, 50 wmoles of Tris, 8 7 of protein, and 
the indicated concentrations of ATP, Mg**, and Ca**; pH 8.8. V is expressed as 


micromoles per minute per micrograms of protein, and A as micromoles per ml. The 
proportions of the abscissa are logarithmic. 


equal of magnesium in this respect, but the precipitation of its hydroxide 
made studies over a wide range impractical. Potassium, sodium, cobal- 
tous, zinc, and ferrous ions did not activate the enzyme. The rate of the 
reverse reaction, 7.e. the breakdown of Cr ~ P, was also increased by 
magnesium and to a lesser extent by calcium ions (Fig. 3), but the concen- 
tration requirements were less critical. 

The rate of the formation of Cr ~ P, expressed as a function of the con- 
centration of ATP, is presented in Fig. 4. True saturation of the enzyme 
with creatine was observed only at high concentrations, if at all. A sim- 
ilar phenomenon was observed by Kuby et al. (17) with the skeletal mus- 
cle enzyme. The effect of creatine concentration on the slopes of the 
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was frozen quickly in small portions and kept frozen until used. From 
20 gm. of gizzard muscle, about 30 ml. of solution were usually obtained. 
No deterioration in the activity of the enzymes reported herein was ob- 
served after storage at — 10° for 3 months. 

In the preparation described above, all water was distilled before use in 
an all-glass apparatus. All solutions used in the studies of enzymes were 
also prepared from glass-distilled water, and the glassware was rinsed be- 
fore use with glass-distilled water. 

The protein content of the extracts was determined by the method of 
Heidelberger and MacPherson (19), using a colorimetric curve obtained 
with bovine serum albumin. No detectable chromogenic substance, e.g. 
smaller peptides, not precipitable with trichloroacetic acid was present. 
No calcium could be detected in the dialyzed preparations (20, 21). The 
magnesium content was found to be 0.08 umole per microgram of protein 
(22). 

Reaction rates were determined by analyzing aliquots of the reaction 
mixtures removed at small time intervals and deproteinized with trichloro- 
acetic acid. Initial rates were obtained by graphic extrapolation. Phos- 
phocreatine was determined by the method of Fiske and Subbarow (23), 
as used by King (24), minor details being altered to suit our apparatus, and 
inorganic phosphate was determined by the method of Griswold et al. (25). 
Creatine was determined by the method of Eggleton, Elsden, and Gough 
(26). 

The preparations had a barely detectable ability to hydrolyze ATP! and 
entirely lacked hydrolytic activity towards ADP, AMP, phosphocreatine, 
and glycerophosphate. No hexokinase activity could be detected. The 
phosphocreatine was prepared by the method of Ennor and Stocken (27). 
Dibenzyl-8-chloroethylamine (Dibenamine) and phenoxyisopropyl-benzyl- 
8-chloroethylamine (Dibenzyline) were given us by the Smith, Kline and 
French Laboratories, and epinephrine and a-naphthylmethyl-6-chloro- 
ethylamine (SY-14) by Parke, Davis and Company. The arterenol was 
kindly supplied by Dr. M. L. Tainter of the Sterling-Winthrop Research 
Institute. 

RESULTS AND DISCUSSION 

The effect of pH upon the rates of the reactions catalyzed by the creatine 
phosphoferase is presented in Fig. 1. The rate of formation of Cr ~ P 
was greatest at about pH 9.0, while the reverse reaction had its greatest 
velocity at pH values around 6.5. In Fig. 2 are indicated the effects of 

‘In this paper the following abbreviations are used: adenosine triphosphate, 


ATP; adenosine diphosphate, ADP; creatine, Cr; phosphocreatine, Cr ~ P; adeno- 
sine monophosphate, AMP; tris(hydroxymethyl)aminomethane, Tris. 
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m the concentrations of magnesium or calcium ions on the rate of Cr ~ P 
d. formation. It appears that at any given concentration of ATP a maximal 
be rate is observed when the molar concentration of magnesium is a little 

less than that of the ATP. Higher concentrations of magnesium ion were 
2 decidedly inhibitory. The corresponding enzyme of skeletal muscle is 
are reported to be less markedly inhibited by the higher magnesium concen- 
he. trations (12). Calcium ion, as shown, was a less efficient activator and a 
stronger inhibitor than magnesium. Manganese seemed to be about the 
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ugh Forward reaction (@); each ml. of the reaction mixture contained at the start 1.0 

umole of ATP, 20.0 umoles of Cr, 1.0 umole of Mg**, 50 zmoles of Tris, and 8.0 y of 
protein. Reverse reaction (©); each ml. contained at the start 1.0 umole of Cr ~ P, 
and 1.0 umole of ADP, 1.0 umole of Mgt+, 50 umoles of histidine hydrochloride, and 8.0 
tine, 7 of protein. V is expressed as micromoles per minute per micrograms of protein. 
The Fic. 2. Effect of concentration of magnesium and calcium ions upon the phos- 
(27). phorylation of Cr by gizzard creatine phosphoferase. Each ml. of the reaction mix- 
tures contained at the start 20.0 wmoles of Cr, 50 wmoles of Tris, 8 7 of protein, and 
uayl- the indicated concentrations of ATP, Mg**, and Ca++; pH 8.8. V is expressed as 
and micromoles per minute per micrograms of protein, and A as micromoles per ml. The 
loro- proportions of the abscissa are logarithmic. 

was 

varch | equal of magnesium in this respect, but the precipitation of its hydroxide 

made studies over a wide range impractical. Potassium, sodium, cobal- 

tous, zinc, and ferrous ions did not activate the enzyme. The rate of the 

reverse reaction, 7.e. the breakdown of Cr ~ P, was also increased by 
atine | Magnesium and to a lesser extent by calcium ions (Fig. 3), but the concen- 
~ P | tration requirements were less critical. 

ratest The rate of the formation of Cr ~ P, expressed as a function of the con- 

cts of | centration of ATP, is presented in Fig. 4. True saturation of the enzyme 

with creatine was observed only at high concentrations, if at all. A sim- 
phate, | ilar phenomenon was observed by Kuby et al. (17) with the skeletal mus- 
dene: | de enzyme. The effect of creatine concentration on the slopes of the 
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curves is that which would be predicted from the theoretical considera- 
tions of Friedenwald and Maengwyn-Davis (28). Estimation of the Mich- 
aelis “constant,” by the graphical extension of the Lineweaver and Burk 
(29) method of Friedenwald and Maengwyn-Davis, when the solution was 
saturated with creatine, gave a value of 2.6 X 10-* mole per liter; with 
creatine at 0.02 m, the “constant” was 7.3 X 10-* mole per liter. The 
optimal velocity at maximal creatine concentration was found to be 0.015 
umole per minute per microgram of protein, about 10 per cent of that 
obtainable with the crystalline enzyme from skeletal muscle (17). 
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Fic. 3. Effect of concentration of magnesium and calcium ions upon the reaction 
of Cr ~ P with ADP. Each ml. of the reaction mixtures contained at the start 1.0 
umole of Cr ~ P, 1.0 umole of ADP, 50 wmoles of histidine hydrochloride, 8.0 y of 
protein, and the indicated amounts of Mg** (0), or of Ca** (@); pH 6.5. V is ex- 
pressed as micromoles per minute per micrograms of protein and A as micromoles per 
ml. The proportions of the abscissa are logarithmic. 

Fic. 4. Effect of ATP concentration upon the rate of phosphorylation of Cr by 
ATP. Each ml. of the reaction mixture contained at the start the indicated concen- 
trations of ATP and Cr, a concentration of Mg** equal to 0.75 that of ATP, 50 umoles 
of Tris, and 8.0 y of protein; pH 8.8. S is expressed as micromoles per ml., and V 
as micromoles per ml. per micrograms of protein. 


The effect of creatine on the reaction velocity at constant ATP concen- 
tration is presented by a similar graph in Fig. 5. The Michaelis constant 
in this situation was found to be 5.3 X 10-* mole per liter, and the maximal 
velocity was 0.016 umole per minute per microgram of protein. Again it 
appears that complete saturation by the unvaried substrate may not have 
been achieved. 

Lineweaver-Burk plots of the velocities of the reaction leading to the 
breakdown of Cr ~ P by the enzyme led to the result in Fig. 6. It was 
consistently found that the velocity of the reaction was nearly independent 
of the concentration of ADP in the range 0.5 mm to 2.0 mM as long as the 
rate was an “‘initial’’ one, and only a small fraction of the ADP was con- 
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sumed. Also, as reported, the Lineweaver-Burk plot obtained when the 
concentration of Cr ~ P was varied passed through the origin. A plot of 
the reaction rate against the Cr ~ P concentration also yielded a straight 
line that passed through the origin. This also indicates pseudo first order 
kinetics. 

Since the reaction rate is independent over wide limits of the concentra- 
tion of ADP and proportional to the concentration of Cr ~ P at constant 
enzyme and ADP concentrations, it appears that the over-all reaction may 
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Fic. 5. Effect of Cr concentration upon the rate of phosphorylation of Cr by 
ATP. Each ml. of the reaction mixture contained at the start 4.0 zmoles of ATP, 
3.0umoles of Mg**, 50 wmoles of Tris, 8.0 y of protein, and the indicated concentra- 
tion of Cr; pH 8.8. S is expressed as micromoles per ml., and V as micromoles per 
ml. per micrograms of protein. 

Fic. 6. Effect of substrate concentrations upon the rate of reaction of Cr ~ P 
with ADP. O, effect of Cr ~ P concentration. Each ml. of the reaction mixtures 
contained at the start 4.0 uzmoles of ADP, 5.0 umoles of Mg**, 50 zmoles of histidine, 
23 7 of protein, and the indicated concentration of Cr ~ P; pH 6.5. @, effect of 
ADP concentration. Each ml. of the reaction mixtures contained at the start 4.0 
umoles of Cr ~ P, 5.0 umoles of Mg**, 50 umoles of histidine, 1.0 y of protein, and the 
indicated concentrations of ADP. S is expressed as micromoles per ml., and V as 
micromoles per ml. per micrograms of protein. 


involve two steps, first a rate-determining phosphorylation of the enzyme 
by Cr ~ P and then a reaction of the phosphorylated enzyme with ADP 
to yield the final products. A review of reactions involving similar mech- 
anisms has recently been published (30). 

The creatine phosphoferase of gizzard muscle was rapidly inactivated by 
reagents that react with sulfhydryl groups, including iodoacetate, p-chloro- 
mercuribenzoate, hydrogen peroxide, and Dibenamine and related drugs 
derived from 8-chloroethylamine (31). A moderate increase in the activ- 
ity of some preparations of the enzyme was observed in the presence of 
cysteine or sodium sulfide. Inhibition of activity was observed in the 
presence of epinephrine and arterenol, but was shown probably to be due 
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to the hydrogen peroxide formed when phenoloxidases present in the mix- 
tures oxidized these hormones, because the presence of either reducing 
agents (sulfite, ascorbate) or catalase prevented the inhibition. The en- 
zyme was rapidly inactivated by small concentrations of hydrogen per- 
oxide. The possibility that the activity of the enzyme might be altered in 
the presence of certain drugs that have effects upon smooth muscle or as- 
sociated autonomic nerve was also investigated. No change in activity 
was observed in the presence of acetylcholine, histamine, atropine, Trasen- 
tine, tripelennamine, hexamethonium, or dimethylaminoethanol. Dinitro- 
phenol and fluoride did not change the activity of the enzyme. Malonate, 
nitroso-8-naphthol, and 8-hydroxyquinoline were without effect, both when 
the magnesium ion concentration was optimal and when no magnesium had 
been added. 


SUMMARY 


1. A number of properties of the creatine phosphoferase present in ex- 
tracts of avian gizzard muscle have been investigated. 

2. Phosphorylation of Cr by ATP in the presence of the enzyme is most 
rapid at pH 8.8, and phosphorylation of ADP by Cr ~ P is most rapid at 
pH 6.5. 

3. The enzyme is activated by Mgt*, and with less efficiency by Ca++ 
and Mnt+. Excessive concentrations of Mg** and Ca** were found to be 
inhibitory. 


4. Kinetic data for the enzyme-catalyzed reactions are presented. A } 


mechanism consistent with these data is proposed. 
5. The creatine phosphoferase is inactivated by reagents that react with 
sulfhydryl groups. 
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THE QUANTITATIVE HISTOCHEMISTRY OF THE RETINA* 
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The retina is not only an exceedingly interesting structure in its own 
right, but it presents an exceptional opportunity for study of the central 
nervous system, of which it is an integral part. In the retina a number 
of nervous elements which are usually intimately mixed together have 
been sorted out into discrete layers. Analysis of each of these layers could 
provide information as to the composition of several kinds of cell bodies, 
dendrites, naked axons, and even synapses (in the outer reticular layer) 
in addition to the rods and cones themselves. 

Anfinsen measured cholinesterase and DPN! in a number of layers in 
beef retina (2). Wald isolated the pigment epithelium in the frog and ana- 
lyzed it for vitamin A and xanthophyll (3). Saito made preparations of 
outer rod segments by vigorous shaking of retinas in saline, followed by 
differential centrifugation in strong sucrose or fructose solutions (4). 
Such preparations have been analyzed for rhodopsin and related sub- 
stances and for five phosphorus fractions (5). Otherwise, except for pre- 
liminary data for MDH and LDH in rabbit retina (6) there do not appear 
to have been analyses of individual retinal layers. (Some valuable histo- 
chemical information has been obtained by staining methods (7-9).) 

To be reported are analyses of the layers of monkey and rabbit retina 
by a modified (10) procedure of Linderstrgm-Lang et al. (11), which in- 
corporates some of the steps employed by Anfinsen et al. (12). Data for 
dry weight, total lipides, lactic, malic, and glutamic dehydrogenases, 
phosphoglucoisomerase, glutamic-aspartic transaminase, and glutamate 
are reported, as well as the new methods used for measuring some of these. 


Materials 


Retinas were obtained from monkeys (Macaca mulatta) and from white 
rabbits. The eyeball was frozen in liquid nitrogen, and blocks of retina 


*Supported in part by a grant from the National Institute for Nervous Dis- 
eases and Blindness. A preliminary report of some of the material has been pre- 
sented (1). 

1 Abbreviations used in this paper include glutamic dehydrogenase, GDH; malic 
dehydrogenase, MDH; lactic dehydrogenase, LDH; tris(hydroxymethy])aminometh- 
ane, Tris; oxidized and reduced diphosphopyridine nucleotide, DPN* and DPNH, 
respectively. 
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were mounted, sectioned while frozen, and dried as previously described 
(10). Special care was required to mount the thin blocks without partial 
thawing. Usually the sclera and a little of the vitreous humor were left 
attached, and sections were cut at a tangent to the layers, starting at 
either surface. Sections were cut at 6 uw to give good separation of the 
layers and to facilitate identification of the layers during subsequent dis- 
section. It was possible in the frozen-dried material, after study of stained 
sections, to identify not only the eight major retinal layers but a number 
of sublayers as well. Pure samples of each layer weighing in the order of 
0.1 y were readily obtained, usually in one piece except from the thinnest 
layers. It was possible to make a more distinct separation of the inner 
and outer segments of the rods (and cones) in monkey retina than in rabbit 
retina. 

The material analyzed came from within a few mm. of the fovea. Since 
the relative thickness of individual layers is different at different points 
on the retina, several blocks were required to obtain good specimens of 
all the layers. For example, the ganglion cell layer is thin and the cells 
are sparse, except for a narrow zone close to the fovea. The rod and cone 
layers in the monkey were chiefly obtained from a zone in which there were 
about twenty-five rods per cone. The cones were evenly spaced 11 4 
apart. The diameters of rods and cones were found to be 1.45 and 8 uy, 
respectively, in fixed sections from this area. From these measurements 
it may be calculated that the rods and cones occupied 38 and 42 per cent, 
respectively, of the total volume of the zone analyzed. This ignores pos- 
sible volume changes during fixation. Rabbit retina contains only rods. 


Analytical Procedures 


The general analytical techniques and tools have been described (13). 
A few changes were required, since the samples were 10 or 20 times smaller 
than those previously used in brain studies. 

Weighing—Samples were weighed on a balance of the quartz fish-pole 
variety (10) with a fiber length of 30 mm., a pan 0.7 mm. in diameter, a 
sensitivity and reproducibility of 0.001 y for a 0.005 mm. displacement, 
and a load limit of about 1 y. The balance case is 15 mm. in diameter 
and 60 mm. long. To facilitate handling these light samples, they were 
transferred to and from the balance with hair points (13) sharpened to 
about 10 yw at the tip. 

Defatting—The weights of hexane-soluble lipides and total lipides were 
measured by the loss of weight upon successive extraction with hexane 
and ethanol (10). Because of the small size of the samples and their 
fragility, they were extracted in special tubes made by sealing a 5 mm. 
length of 2 mm. bore capillary tubing onto a glass rod handle 30 or 40 
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mm. long. After extraction, it is easier to recover samples from these 
short tubes than from the longer ones used for chemical analysis. 

Glutamic Dehydrogenase—The GDH activity was assessed by the DPN*+ 
formed upon incubation with a reagent containing DPNH (0.05 to 0.1 
mM), a-ketoglutarate (3 mM), ammonium sulfate (7.5 mM), and nicotin- 
amide (20 mmo) in Tris-HCl buffer at pH 7.6. Crystalline bovine albumin 
was added to give a 0.01 per cent solution. It has since been found pref- 
erable to use 0.05 per cent albumin, particularly with very small volumes 
or very high tissue dilutions. The DPN*+ was measured by the method 
of Kaplan et al. (14) (see below). 

The reagent was stored frozen without the DPNH (Sigma Chemical 
Company, St. Louis) which was added before use as a 10 mm solution in 
pH 8.5, Tris buffer. This DPNH solution was also stored in the frozen 
state. 

The tubes (1.6 to 1.8 mm. bore, 55 mm. long), each containing a sample 
of about 0.1 y of dry weight, were placed in a rack in an ice bath, and to 
each tube were added 5 ul. of substrate reagent with no mixing until 10 
or 15 minutes of soaking in the ice bath. The tubes were then gently 
tapped, and the rack was transferred to a 38° bath for exactly 30 minutes. 
After returning the rack to the ice bath, 1 yl. of 1 Nn HCl was added to 
each sample to destroy DPNH and to stop the reaction. After “buzzing”’ 
to mix, a 5 wl. aliquot was added to 100 ul. of 6.6 N NaOH in the bottom of 
a3 ml. fluorometer tube and left 60 minutes at room temperature. The 
sample was then diluted by the addition of 1 ml. of water, and the fluores- 
cence was measured against a quinine working standard, with a Corning 
glass No. 5860 as primary filter, to isolate the 365 my mercury line, and, 
as secondary filter, Corning glasses No. 4308 and 3389 (transmission 
maximum at about 480 my). The blank may be reduced slightly at the 
expense of sensitivity by using two primary filters and substituting for 
the secondary filter Corning glasses No. 4308, 5562, and 3387. 

Blanks were provided, together with DPN standards consisting of 5 
ul. samples of substrate reagent which contained 0.05 mm added DPN?*; 
ie., a total of 0.25 XK 10-° mole. In calculating the activity, 6 minutes 
in ice water were taken as the equivalent of 1 minute at 38°. 

Comment on Glutamic Dehydrogenase Method—The substrate reagent 
contains the reactants at optimal concentrations for rabbit brain. These 
concentrations differ somewhat from those found to be best by Olson and 


* Storage tests were made with DPNH at various pH levels in several buffers. It 
was found that in Tris or 2-amino-2-methylpropanediol at pH 8 to 9 DPNH was 
stable for several days at 4° and at least several weeks at —20°. In contrast it was 
quite unstable, even when frozen, at more acid pH levels or at pH 8 in phosphate 
buffer. In phosphate the instability was actually greater when frozen than at 4°. 
Instability refers to conversion to DPN*. 
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Anfinsen (15) for liver glutamic dehydrogenase. They used approximately 
3 times higher concentrations of DPNH and a-ketoglutarate, both of 
which have been found to be inhibitory if used in higher concentrations 
than those prescribed here. There was a 60 per cent inhibition with 0.4 
mM DPNH and a 20 per cent inhibition with 10 mM a-ketoglutarate. 

The Michaelis constant for a-ketoglutarate with GDH was found to be 
0.22 mm with rabbit brain homogenate. The Michaelis constant for 
DPNH is probably very small since 90 per cent of the maximal activity 
was found with 1.5 X 10-° m DPNH (15 per cent conversion to DPN*). 
Therefore, without affecting the rate, the DPNH concentration may be 
varied from 0.025 to 0.1 mm, depending on the activity expected. The 
blank value is largely determined by the amount of DPNH present. 
Olson and Anfinsen (16) reported a much larger K,, (10-* m) for DPNH 
with liver GDH. 

The method is more convenient and much more sensitive than that 
previously published (6). The reaction is measured in the more favorable 
direction, and the DPN*+ formed can be measured fluorometrically at a 
dilution of 10-' Mm compared to a limit of about 2 K 10-5 m for DPNH 
measured by its ultraviolet absorption. 

The enzyme has a small temperature coefficient; it is 16 and 58 per cent 
as active at 0.5° and 25.5°, respectively, as it is at 38°. For this reason 
the time in ice water ought to be taken into account in calculating the 
activity of tissue samples. 

Since the method depends on the measurement of DPN formed, it was 
necessary to see how much DPNH is oxidized in the absence of substrates. 
With neither a-ketoglutarate nor ammonia present, fresh brain homoge- 
nates under the prescribed conditions oxidize 50 to 75 mmoles of DPNH 
per kilo of brain per hour. The addition of a-ketoglutarate alone does 
not result in a detectable increase in DPN+ formation. The addition of 
ammonium sulfate alone results in oxidation of DPNH at a rate of 100 to 
150 mmoles per kilo of brain per hour. This effect of ammonium ion has 
been noted by Huennekens et al. for pig heart DPNH oxidase (17). Aging 
brain homogenates for several days (frozen) results in loss of much of the 
ability to oxidize DPNH, and in frozen-dried tissue sections the oxidation 
is not detectable. GDH activity is unimpaired. In working with fresh 
homogenates, the ability to oxidize DPNH directly may be considerably 
suppressed with little decrease in GDH activity by increasing the buffer 
strength to 0.4 m. 

Nicotinamide is included in the reagent to protect DPN+ formed from 
DPNase. However, if omitted, the results are only 5 or 10 per cent low, 
since, under the analytical conditions prescribed and the DPN* concen- 
trations encountered, brain DPNase splits only 50 to 100 mmoles of DPN* 
per kilo per hour. 
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Reproducibility and proportionality with time and brain concentration 
are satisfactory (Table I). 

Simultaneous measurements were made of DPN+ formation and the 
disappearance of a-ketoglutarate, measured with quinolyl hydrazine (18). 
The a-ketoglutarate concentration was reduced to 0.6 mm, and DPNH 
was added as the reaction progressed to avoid inhibition. With the forma- 


TABLE | 


Glutamic Dehydrogenase Activity with Variation of Time and Tissue Concentration 
(Rabbit Brain Homogenate) 
Incubation volume, 12 ul. 
per hour (MKH). 


Incubation | 


The values are recorded as moles per kilo of wet weight 





Incubation time! 


san | Wet weight Activity Wet weight Activity 
a | +» | mx -_ tb. | 
15 0.44 0.94 60 0.44 0.91 
15 0.44 0.92 60 0.44 0.92 
15 0.44 1.03 —_—_—_—_—_—_——— ————__—_—_|—_——_— 

15 0.44 0.92 Average .. 0.90 
Average. . 0.95 30 0.22 1.10 
a — _ - 30 0.22 1.04 
30 0.44 0.99 30 0.22 1.09 
30 0.44 1.00 30 0.22 1.04 
30 0.44 0.93 mena a oem 
30 0.44 0.93 Average .. , 1.07 
Average.... 0.96 30 0.88 0.99 
——__—_— — —_—__— 30 0.88 1.02 
60 0.44 0.90 30 0.88 0.¢9 
60 0.44 0.86 30 0.88 1.05 
Average... 1.01 


tion of 100 X 10-* mole of DPN*, 98 X 10-* mole of a-ketoglutarate disap- 
peared. 

Lactic and Malic Dehydrogenases—These were measured by a method 
previously described which depends on the color produced with quinolyl 
hydrazine and the pyruvate or oxalacetate formed (18). The samples 
weighing 0.05 to 0.2 y were incubated for 15 minutes at 38° with 10 ul. 
of substrate reagent. The final volume for color measurement was 100 
ul. The general procedure was similar to that given for GDH. The 
over-all reproducibility of the LDH method as applied to different layers 
of the retina seems adequate to the problem (Table II). The observed 
values reflect errors in weighing, errors in dissection, and biological varia- 
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tion within each retinal layer, as well as variation due to the enzyme method 
itself. Comparable data for MDH are even more consistent. 
DPN—The GDH determination is based on the formation of DPN+ 
from DPNH, and exploitation of the fluorometric method of Kaplan, 
Colowick, and Barnes (14) for DPN*+. DPNH as purchased (Sigma) 
gives only about 1 per cent as much fluorescence as DPN*, provided it is 
destroyed by acidification prior to the strong alkaline treatment. Other- 
Wise it will give about a seventh as high a reading as DPN*, because of 


TABLE II 
Lactic Dehydrogenase in Monkey Retina 


The dry weight of each sample is given. The values are expressed as moles of 
substrate oxidized per kilo of dry weight per hour (MKH). 




















Layer Layer I Layer 
| MKH | | y |MKH| y | MKH 
Pigment | 0.069 | 13 | Outer nu- | 0.095 | 5 53 | Inner plexi-| | 0.159 | 30 
0.088 | 12 | clear | 0.101 | 63) form 0.134 | 32 
| 0.067 | 15 0.099 | 58 (0.141 | 34 
0.083 | 7 0.104 | 52) 0.137 | 34 
0.069 | 13 | | 0.084 | 52 | 0.164 | 35 
| 0.058 | 13 | | 0.100 | 50, 0.132 | 34 
Outer rods | 0.070 9 | Outer plexi-, 0.073 | 104 | Ganglion | 0.111 | 32 
and cones | 0.069 | 10 form | 0.073 | 101 | cell 0.108 | 35 
0.065 | 10 | 0.082 | 102 0.118 | 32 
0.061 | 10 | | 0.062 | 121 | 0.092 | 37 
(0.071 | 41 | | 0.080 | 104 | (0.114 | 32 
| 0.046 | 23 | | 0.073 | 113 | 0.114 | 32 
Inner rods | 0.061 | 38 | Inner nu- | 0.112 | 37 | Optic nerve) 0.169 | 14 
and cones | 0.070 | 50 | clear 0.114 | 47 | 0.176 | 19 
| 0.055 | 48 | 0.108 | 52 0.130 | 26 
0.070 | 39 | | 0.122 | 48 | 0.150 | 23 
0.074 | 39 0.126 | 47 0.160 | 21 

| 0.072 | 39 | 0.095 | 54 0. 
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the natural fluorescence of unchanged DPNH. As reported by Kaplan 
et al., the fluorescent product in the strongly alkaline solution used to 
produce it is very unstable to the exciting ultraviolet light. It has been 
found, however, that, by diluting 10- or 20-fold with water after the alka- 
line reaction is finished, the instability to light is decreased to a point 
where it is not troublesome. It is obvious that innumerable sensitive 
enzyme methods might be based on this means of DPN+ measurement. 

Transaminase—To measure this enzyme, a substrate reagent was used 
which contained an excess of purified MDH, aspartate, a-ketoglutarate, 
and DPNH. In the presence of transaminase, oxalacetate is formed, and 
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this is immediately converted to malate, which may be measured fluoro- 
metrically (19). The MDH was purified from hog heart according to 
Straub’s procedure (20), with omission of the last two steps which involve 
aleohol precipitation. The MDH activity was assayed by measuring 
the rate of oxidation of DPNH with oxalacetate under conditions approxi- 
mating those of the transaminase assay. To the buffer alone was added 
DPNH to give a concentration of 0.15 mm, and oxalacetate to give a 
concentration of 0.2 mm. The rate of disappearance of DPNH was meas- 
ured in the Beckman spectrophotometer. An enzyme concentration suf- 
ficient by calculation to oxidize at least half of this level of DPNH in 2 
minutes was found suitable for the final transaminase reagent. Stronger 
oxalacetate than indicated was not used, since it is inhibitory. The MDH 
must be nearly free of transaminase activity which would increase the 
blank value. 

The complete transaminase substrate reagent consisted of 40 mm as- 
partate, 8 mm a-ketoglutarate, 4 mg. per cent pyridoxal phosphate, 3 mm 
DPNH, and MDH as indicated above, all in 0.1 m Tris-HCl buffer at pH 
7.7. The DPNH was added as a powder. The MDH and the balance 
of the reagent were stored separately at —20°. The MDH was added last, 
just before use, in case it contained a little transaminase activity. It is 
desirable to make the reagent 0.05 per cent in bovine plasma albumin. 

The incubation of 0.1 y of retina samples was carried out in the manner 
described for GDH, except that an incubation time of 60 minutes was 
employed. 

After the enzyme reaction was arrested in ice water, a 4 ul. aliquot was 
transferred to a 3 ml. fluorometer tube containing 1 ml. of 8-naphthol 
sulfuric acid reagent for malate measurement, as previously described for 
fumarase assay (19). 

Standards consisted of 5 ul. of 0.5, 1, and 2 mm malate made up in the 
complete substrate reagent. They were carried through the entire pro- 
cedure together with blanks. 

Comment on Transaminase—The method is based on the same principle 
as that of LaDue et al. (21), except that these authors measured the disap- 
pearance of DPNH rather than the appearance of malate. 

With brain homogenate, no apparent malate formation is observed in 
the transaminase assay if aspartate, a-ketoglutarate, or DPNH is omitted. 
Omission of pyridoxal phosphate reduces malate formation only slightly. 
Omission of MDH results in a 25 per cent reduction. That the reduction 
is not greater is owing to the fact that MDH activity in average brain is 
higher than transaminase activity, and the Michaelis constant for oxal- 
acetate is exceedingly low. Therefore the MDH already present is nearly 
sufficient for the assay without supplementation. 
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The complete system was tested with added oxalacetate to assess the 
yield of malate. The addition of 0.5, 1.0, and 1.55 mm oxalacetate (1.65 
mm DPNH present) resulted in the formation of 0.46, 0.94, and 1.49 mu 
malate. With oxalacetate in excess (1.0 mm), the addition of 0.84 mm 
DPNH led to formation of 0.80 mm malate. 

The assay is conducted at the pH optimum for brain transaminase. 
The aspartate concentration is 15 times the K,, and the a-ketoglutarate is 
12 times the K,,; therefore the rate is about 85 per cent of the theoretical 
maximum. Further increase in substrates would increase the blank value. 
(The K,, was evaluated for rabbit brain transaminase under the assay 
conditions and found to be 0.59 and 2.60 mm for a-ketoglutarate and as- 
partate, respectively. These may be compared to the corresponding 
values of about 0.4 and 2 reported for hog heart transaminase by Nisonoff 
and Barnes (22).) 

Brain transaminase withstands freezing, drying from the frozen state, 
and considerable periods of storage after drying. The average of two 
experiments gave values of 7.6, 7.8, and 7.8 moles per kilo per hour for 
fresh, frozen, and frozen-dried rabbit brain homogenate. Frozen-dried 
homogenates lost 0, 20, and 66 per cent of their initial activity when stored 
at 25° for 1, 7, and 41 days, respectively. At —20° a 15 per cent loss 
occurred in 41 days. It is probable that frozen-dried tissue sections are 
even more stable than this, since 1 year-old sections from the molecular 
layer of rabbit cerebellum had 80 per cent of the activity of sections stored 
for only a few days. 

Replicates had a coefficient of variation of about 1 per cent (10 ¥ of 
brain, wet weight, incubated in a volume of 25 yl. for 30 minutes, or 1.5 y 
incubated in 5 ul. for 60 minutes). Malate formation is not strictly pro- 
portional with tissue or brain concentration. With 10 y of brain, wet 
weight, incubated for 15, 30, and 60 minutes in a volume of 50 ul., values 
of 7.53, 6.54, and 6.56 moles per kilo per hour were observed, whereas 10, 
20, and 40 y of brain incubated for 15 minutes gave values of 7.53, 7.34, 
and 6.38 moles per kilo per hour, respectively. The deviation from line- 
arity is attributed in part to accumulation of glutamic acid, and in part 
to some fumarate formation from the fumarase present. 

If it is necessary to measure smaller amounts of enzyme than in the 
present instance, the formation of DPN* rather than malate may be 
measured (fluorometrically) with a 50- to 100-fold enhancement in sensi- 
tivity. 

Phosphoglucoisomerase—This was measured by an unpublished proce- 
dure’ in which the fructose phosphate formed from glucose-6-phosphate is 
determined with a modification of the method of Roe et al. (23). The mod- 


3 Buell, M. V., Lowry, 0. H., Kapphahn, J. I., Roberts, N. R., and Giese, A. W., 
Jr., to be published. 
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Glutamic Acid—This was measured by a method to be published later 
which is based on the ability of glutamic acid to catalyze the conversion 
of aspartic acid to malic acid in the presence of added GDH, glutamic- 


Each value is the average of four samples. 
fractions are expressed as per cent of total dry weight. 


mean is indicated. 


TaBLeE III 
Dry Weight and Total Lipide of Monkey Retina 


The heptane- and ethanol-soluble 


The standard error of the 





Layer No. 





1. Pigment 
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2a. Outer portion of outer | 148 + 


rod-cone segments 


segments 


aa. Inner portion of outer | 


Outer portion of inner 


segments 
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segments 

4. Outer nuclear 

5. “* reticular 

6 Inner nuclear 
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8. Ganglion cell 

9. Fiber 
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ld hanol-solubl H - 
Trcght” | Heptane-soluble |,Ettane iasolable| ethanol soluble 
in per l. per cent per cent per cent 
| 404 + 25 4.0+1.0 | 18.741.2 | 22.74 0.4 
7 2.8241.2 | 22.341.1 | 24641.2 
198 + 7 4.7+0.7 | 20.6+0.8 | 25.34+0.6 
222+ 8 3.4+0.7 | 20.6+0.8 | 24.0+0.3 
203+ 8| 6940.6 | 15.141.8 | 2204 2.2 
20+ 9| 4840.5) 7.2404 | 12.0402 
196 + 8 4.3240.5 | 13.742.0 | 18.041.8 
263 + 11 6.38 42.1 | 11.141.5 | 17.44 3.2 
2488+ 5/| 14.444 22.6 +1.2 | 37.0+0.8 
2154+ 5 5.38+40.3 | 14.74 0.4 | 20.0+ 0.2 
213+ 6/| 11.8+40.8 | 21.84 0.4 | 33.6+0.5 
Comparative values from rabbit brain* 
233 | 6.7 19.2 | 37.9 
170 9.7 12.3 | 22.0 
303 | 31.0 30.7 | 61.7 


Myelinated fiber zone 





* Strata radiata, pyramidalis, and alveus, respectively, of Ammon’s horn (24). 


aspartic transaminase, MDH, DPN+, and DPNH. Under the assay con- 
ditions, for each mole of glutamic acid present, 20 to 40 moles of malic 


acid were produced. 


The malic acid was finally measured by the fluores- 


cence produced with 8-naphthol (see the transaminase method above). 


RESULTS AND DISCUSSION 


Dry Weight and Total Lipides (Table III)—The outer layers of the 


retina are all low in lipides compared to the rest of the brain. 


This is 








888 QUANTITATIVE HISTOCHEMISTRY OF RETINA 


particularly true of heptane-soluble lipides, which are virtually absent 
from the outer rod and cone segments. The relatively low value for lipide 
in Layer 5 is perhaps to be expected for a layer of naked axons. This low 
value may be compared with the higher levels in fiber Layers 7 and 9 
and the very high level in a myelinated tract of rabbit brain. The lipide 
percentages in the three cell body layers are comparable to that found in 
a cell body layer in rabbit brain, but the values for total dry weight are 
considerably greater. Although the values for dry weight are believed to 
be accurate relative to each other, there is a possibility that all of the retinal 
values are somewhat too high, since it is difficult to avoid compression 
when cutting such thin frozen sections. The very low value for total 
dry weight in the outer rod and cone layer is attributed to the lace-like 
structure of this region, resulting from the tapered shape of the cones 
which leaves a good deal of space around each outer cone segment. 

Collins et al. (5) found that beef outer rod segments, separated in a 
sucrose gradient, contained 30 per cent phospholipides. Sjéstrand (25) 
reported that a similar preparation from guinea pig contained 40 per cent 
lipide. Either guinea pig and beef rod outer segments contain more 
lipide than those of the monkey, or the isolation process used by others 
extracted constituents low in lipide, leaving a lipide-rich residue. On the 
basis of staining reactions, Lillie (9) suggests that rod outer segments con- 
tain a cerebroside together with phospholipides. Probably both cerebro- 
sides and gangliosides would give similar staining reactions and both would 
be insoluble in heptane. The outer segments appear to contain a large 
amount of insoluble carbohydrate other than glycogen (8). This would 
be the case if much of the lipide present was ganglioside. 

LDH, MDH, and Phosphoglucoisomerase (Figs. 1, 2)—There are rather 
dramatic differences in LDH and MDH activity in different retinal layers. 
In the monkey there is 30 times more MDH in the inner rod and cone 
segments than in the outer. In general, when MDH is high, LDH is 
low. In the monkey retina, the peak MDH and LDH values are respec- 
tively four and seven times greater than those found in average monkey 
brain. The peak enzyme levels have the enormous values of 430 and 230 
moles of substrate oxidizable per 100,000 gm. of protein per minute for 
MDH and LDH, respectively. This would indicate that the enzymes 
constitute several per cent of the total protein present. Both rabbit and 
monkey have the highest MDH levels in Layer 2b, which consists of the 
inner segments of rods in the rabbit or of rods and cones in the monkey. 
Sjéstrand (26), by electron microscopy, has demonstrated dense aggre- 
gates of slender mitochondria almost filling the apical portion of the rod 
inner segments. Presumably this is the locus of the MDH and perhaps 
of associated members of the citric acid cycle. Wislocki and Sidman (8), 
using a staining method, found this layer to be rich in succinoxidase. 

















Lig. 


val 
wei 
twi 
six 
whi 
of t 
lam 
pro 
poi 
gra 
bet 


line 
fro1 
ase 


5) 
nt 
re 
AT'S 
he 
yn- 
ro- 


rge 
ald 











O. H. LOWRY, N. R. ROBERTS, AND C. LEWIS 889 


There is more LDH and less MDH in the inner layers of rabbit retina 
than in the monkey. This is in keeping with the differences in blood supply 
in the two species. The monkey has one set of vessels in the choroid and 
another set on the inner surface of the retina which send capillaries as far 
as the inner nuclear layer. This second set of vessels is missing over most 
of the rabbit retina, and therefore a glycolytic metabolism might be re- 
quired for the inner layers. The outer reticular layer, which is rich in 
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Fig. 1 Fig. 2 

Fic. 1. LDH, MDH, and glutamic-aspartic transaminase of monkey retina. The 
values are recorded as moles of substrate oxidized or transaminated per kilo of dry 
weight per hour (MKH). The breadth of each line at the center of each zone is 
twice the standard error of the mean for that zone. Each mean is the average of 
six determinations. Each zone represents one retinal layer, as indicated by numbers 
which correspond to the names given in Table III and by a schematic representation 
of the composition of each zone. Zone N is optic nerve tissue obtained inside of the 
lamina cribrosa; 7.e., before the fibers become myelinated. The zone widths are 
proportional to the approximate thickness of the respective retinal layers. The mid- 
points of each zone are connected for better visualization, but this does not imply a 
gradual transition from one zone to the next. There is instead a sharp transition 
between zones (see Table I). 

Fig. 2. LDH, MDH, and phosphoglucoisomerase of rabbit retina. The values, 
line widths, and zone widths have the same significance as in Fig. 1. Layer 9a is 
from a band of myelinated fibers characteristic of rabbit retina. Note that isomer- 
ase values have been plotted on a scale of one-half. 





LDH in both monkey and rabbit, is avascular in both species. A few 
samples were dissected from the outer reticular layer so as to contain only 
the naked axon portion of this layer. The LDH values were not appreci- 
ably different from those for the whole layer. 

The parallelism between LDH and phosphoglucoisomerase (Fig. 2) 
strengthens the belief that LDH is a valid measure of glycolytic capacity. 
The enormous absolute value for isomerase in the richest layers will be 
noted. The maximal values are about 2} times those of average brain. 
The peak value corresponds to conversion of about 560 moles of substrate 
per 100,000 gm. of protein per minute. 
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These findings concur with earlier preliminary data (6) and strengthen 
the conclusion that the long known high rate of aerobic glycolysis in whole 
retina is a kind of artifact resulting from the mixture of cells, or parts of 
cells, of high oxidative capacity with cells of high glycolytic capacity (6). 

The low values for LDH, MDH, and isomerase in the outer rod-cone 
segments are to be noted. 

Transaminase, GDH, and Glutamate—It is seen (Fig. 1) that glutamic- 
aspartic transaminase has almost exactly the same distribution as MDH. 
Furthermore, the ratio of MDH to transaminase is about the same in whole 
monkey brain. This suggests a metabolic relationship between the two 
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Fic. 3. GDH and glutamate of monkey retina. See Fig. 1 for the meaning of line 
and zone widths. GDH is recorded as moles of a-ketoglutarate reduced per kilo of 
dry weight per hour, and glutamate is recorded as millimoles per kilo, dry weight. 
Layer 4a contains nearly pure cone nuclei, Layer 4b rod nuclei, 5a almost pure naked 
axons from rods and cones, and Layer 5b consists of synapses and dendrites. No 
values are recorded for Zone 6c. 


enzymes. MDH and transaminase might, for example, cooperate in the 
conversion of glutamate to aspartate plus CO» as follows: 


MDH 
(1) Malate —————>  oxalacetate 

trans. 
(2) Oxalacetate + glutamate —————> aspartate + a-ketoglutarate 
(3) a-Ketoglutarate — - -- — malate + CO, 


This could be an emergency mechanism for the use of glutamate when 
other metabolites are lacking. Dawson (27) has in fact found that with 
hypoglycemia there occur in brain a fall in glutamate and a rise in aspartate. 
Attempts to separate brain transaminase from MDH by differential cen- 
trifugation or ammonium sulfate fractionation have failed; nevertheless 
it seems unlikely that a single enzyme is involved. 

Monkey retina, especially in the outer layers, is very low in GDH com- 
pared to the rest of the central nervous system (Fig. 3). The outer granular 
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and reticular layers contain less than 2 per cent of the activity of average 
brain. Analysis of a few layers of rabbit retina has confirmed these low 
GDH values; in fact the ganglion cell layer had an activity of only 0.19 
mole per kilo per hour. This difference between rabbit and monkey may 
be due to the fact that the portion of Layer 8 that was analyzed in the rab- 
bit contained only a few ganglion cell bodies, whereas Layer 8 in the monkey 
was chosen from a zone of packed ganglion cell bodies. 

In the outer retinal layers, glutamate (Fig. 3) is only half to two-thirds 
as concentrated as in average brain (60 mmoles per kilo, dry weight). 
There is a suggestion of a reciprocal relationship between glutamate and 
GDH in the outer retinal layers. The implication that the presence of 
greater GDH concentrations causes the lower glutamate levels is, however, 
probably not valid, since both enzyme and substrate are so much higher 
in the rest of the central nervous system. The naked axon portion of the 
outer reticular layer is not remarkable in its glutamate concentration, 
although it contains much less GDH than the synaptic and dendritic por- 
tion of the layer. GDH has been found to be especially rich in certain 
molecular layers of the central nervous system and relatively rich in mye- 
linated fiber tracts (6). Both types of nervous tissue are absent from the 
retina. 

The outer segments of the rods and cones are as deficient in transaminase 
and GDH as they are in LDH, MDH, and isomerase. These specialized 
structures may depend on adjacent layers for sources of energy. 


SUMMARY 


1. New methods are presented for measuring GDH and glutamic-aspartic 
transaminase in samples of brain and retina weighing 0.i y (dry). 

2. The activities or concentrations of MDH, LDH, transaminase, GDH, 
and glutamate have been measured in each of the eight major retinal layers 
of the monkey. In some cases the major layers were further subdivided 
for analysis. Similarly the amounts of MDH, LDH, and phosphogluco 
isomerase have been determined in rabbit retinal layers. 

3. MDH is exceedingly rich in the inner segments of the rods and cones. 
LDH bears a reciprocal relationship to MDH. It is especially rich in the 
outer reticular layer of the monkey and all inner layers of the rabbit. 
Glutamic-aspartic transaminase is distributed in close parallelism with 
MDH. Phosphoglucoisomerase and LDH parallel each other in distribu- 
tion. 

4. GDH is very low in most retinal layers, and the glutamate concen- 
tration varies from 50 to 100 per cent of that found in average brain. 


5. All enzyme activities are low in the outer segments of the rods and 
cones. 
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FATTY ACIDS FROM THE LIPIDES OF NON-VIRULENT 
STRAINS OF THE TUBERCLE BACILLUS* 


By JAMES CASON, C. FREEMAN ALLEN, WILLIAM DrEACETIS, 
AND GERHARD J. FONKEN 


(From the Chemical Laboratories of the University of California, Berkeley, California) 
(Received for publication, October 27, 1955) 


In earlier investigations reported from this laboratory (1-4), the fatty 
acids from several lots of virulent strains of the tubercle bacillus have been 
examined. In each case, the fatty acids with molecular weights above Coo 
were found to be a complex mixture of a dozen or more saturated and un- 
saturated acids; however, there was evidence of the persistent occurrence 
of the physiologically active (5) a,6-unsaturated C»2;-phthienoic acid. The 
present paper reports the decidedly different pattern of composition found 
in the fatty acids of non-virulent strains of the tubercle bacillus. These 
investigations have been concerned with three lots of the avirulent strain 
H-37Ra, grown on two different media, and one lot of the attenuated strain, 
bacillus Calmette-Guérin (BCG). 

In these investigations, the lipides investigated were those extracted from 
the bacteria with a mixture of alcohol and ether in the manner used (2) in 
the investigation of virulent strains of this bacillus. Fatty acids were sep- 
arated after alkaline saponification of the lipides. In two lots of strain 
H-37Ra, initial separation of the acids was accomplished by fractional dis- 
tillation of the methyl esters. The data on the distilled fractions are as- 
sembled in Tables I and II and in Fig. 1. As was found in the virulent 
strains, the acids fall into three general groups: palmitic acid, Cig and Cig 
acids, and acids with molecular weights above Coo. The latter group of 
acids is of the most interest, since, in the virulent strains, it contains the 
physiologically active C2-phthienoic acid. In the two lots of strain 
H-37Ra grown on different media, it may be noted that the characteristics 
of the higher boiling esters differ markedly from each other. In neither 
one, however, is there any evidence of the presence of methyl Co;-phthi- 
enoate. 

Lot A of strain H-37Ra contains dextrorotatory material boiling below 
240°; however, there is hardly any material distilling near 232°, the boiling 
point of methyl! C.;-phthienoate. Also, the maximal absorption in the ul- 
traviolet region occurs at 210 to 212 my, in contrast with methyl C2;-phthi- 

* This investigation was supported in part by a research grant (No. E-86) from 
the National Institutes of Health, United States Public Health Service. This is 
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enoate, which has the maximal absorption at 216 my. In Lot B, all higher 
boiling fractions are levorotatory, and the ultraviolet spectra indicate an 
absence of a,8-unsaturated acids. 

Since the absence of the physiologically active C2;-phthienoic acid from 
the lipides of the avirulent strains of tubercle bacillus would appear to be 
of considerable significance, appropriate fractions among those presented 
in Fig. 1 have been further examined by means of partial esterification and 


TABLE [ 
Fractional Distillation of Esters of Acids from H-37Ra, Lot A 
| ] | | | 














| ] 
— | B.p. Weight [al | abeeeee Kies" otal Composition 
| °C. (mm.) gm. . | mp | | 
1 | 150.0-155.0 (3) | 0.055 | 
2 | 155.0-158.0 (3) | 1.147 | | 22.3 | Methyl palmitate 
3 | 169.0-174.5 (3) | 0.481 | | Intermediate 
4-7 | 174.5-183.0 (3) | 1.325 25.8 | Esters of Cis and 
| | Cio acids 
8 | 183 (3)-206 (2) | 0.394 | Intermediate 
9 | 206-214 (2) | 0.224 | +1.30| 210 | 9.2 
10 | 214-235 (2) 0.346 | +2.07 | 212 | 9.3 | 33.8 | Esters of acids} 
11 | 239-241 (2) = | 0.396 | +0.44 | 212 | 6.7 | 
12, 13 | 241-255 (2) 0.501 | —2.33 | 211 | 2.1 Above Co» 
14 | Stripping of | 0.179 | 
column | 
OO a se 





* K is e/M.W., i.e. molar extinction coefficient divided by the molecular weight. 
For a pure C2; a,8-unsaturated ester, K is about 33; hence, the maximal content of 
a,8-unsaturated esters is about 28 per cent in Fraction 10. 

+ The distillation profile for Fractions 9 to 13 is shown in Fig. 1, Profile I. 

t There was a distillation residue of about 0.2 gm. The charge for this distillation 
had previously been evaporatively distilled up to 214° at 0.02 mm. pressure. 





chromatography on charcoal, techniques which have been highly successful 
(4) for the isolation of C.;-phthienoic acid from virulent strains of the tu- 
bercle bacillus. None of this acid could be isolated from the avirulent 
strains. From each lot, n-hexacosanoic acid could be readily isolated, as 
might be predicted from the large amount of material of low specific rota- 
tion which boils at 238° (Fig. 1). From Lot A, Fractions 10 and 11, the 
partial esterification technique (3) yielded only 255 mg. of unesterified acid. 
Chromatography of these acids on charcoal yielded 89 mg. of material 
eluted with absolute ethanol and with the maximal absorption in the ultra- 
violet region at 217 my. These properties are consistent with those of 








Cx-p! 
that 


Fractio 


No. 


= 
4 i: 


IR 
2R 
3R 
4R 
5R 
6R 
7-9R 
10R 
IR 


*S 
there 
acteri: 
curves 
sence | 
able fi 
pound 
5.2, K 

TT 
fracti 
distill 

zt 
evapo 


acid. 
cant] 











CASON, ALLEN, DEACETIS, AND FONKEN 895 


Cx;-phthienoic acid; however, other properties (cf. ““Experimental’’) indicate 
that this fraction does not contain significant quantities of C2-phthienoic 


TaBLeE II 
_ Fractional Distillation of Esters of Acids from H-37Ra, Lot B 








7 B.p. Weight lal Keooo* | Keo* | Keoc* Per cent Composition 
Tc. oun.) gm. 

1-3 | 134-138 (3) 0.591 

4,5 | 154-157 (3) 2.353 17.0 | Methyl palmi- 
tate 

6,7 | 157-169 (3) 0.504 Intermediate 

8-12 | 169-181 (3) 5.720 41.3 | Esters of Cis 
and Cy, acids 

13 | 181 (3)- a (2) | 0.141 | Intermediate 

14-19 | 200-265 ( 4.212 | 32.8 | Esters of acidst 

20 Joong J 0.328 above Cop 

column 

Totalf..... 13.849 

IR | 172-220 (2) 0.618 

2R =|: 220-227 (2) 0.379 | —0.78 | 9.2 | 6.9 | 5.5 

3R =|: 227-237 (2) 0.444 | —1.28 | 

4R 237-238 (2) 0.237 | —1.72 | 7.6 | 5.5 | 4.4 

5R 238-240 (2) 0.413 | —2.07 

6R 240-242 (2) 0.516 | —2.54 | 3.2 | 1.9 | 1.4 

7-9R | 242-256 (2) 0.866 

10R | 256-258 (2) 0.543 | —2.42 | 3.5 | 2.2 | 1.7 

11R | Stripping of 0.403 

column 





* See Table I, foot-note, for definition of K. In all fractions boiling above 220°, 
there was a sharp rise in the absorption as 200 mu was approached, a behavior char- 
acteristic of non-conjugated carbon, carbon unsaturation. In none of the absorption 
curves was there any deviation in the smooth line below 220 my; thus complete ab- 
sence of a,8-unsaturation is indicated. In Fractions 2R and 4R, there was an appreci- 
able flattening of the curve between 220 and 230 my, which indicates traces of com- 
pounds having two conjugated carbon, carbon double bonds. For Fraction 2R, Koso 
5.2, Koo 4.4, Keo 2.4; for Fraction 4R, Ko30 4.2, K 4 3.5, Keo 1.8. 

t The distillation profile for Fractions 13 to 19 is shown in Fig. 1, Profile II. These 
fractions were also systematically redistilled to give Fractions 1R to 11R, and the 
distillation profile for these fractions appears in Fig. 1, Profile IIR. 

t Total esters from 18.4 gm. of acids were charged to the column, without prior 
evaporative distillation. 


acid. The infra-red spectrum is different; the optical rotation is signifi- 
cantly lower, and the equivalent weight indicates a Co, formula rather than 
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Cy. From Lot B, Fractions 3R to 6R, there were obtained only 213 mg. | 


of material resistant to esterification, and chromatography of this material 
on charcoal gave only fractions with levorotation and no a ,8-unsaturation. 

Lot C of strain H-37Ra was not distilled prior to partial esterification; 
instead, the total acids obtained from saponification of the lipides were 
partially esterified directly. About 20 per cent of the acidic material re- 
mained unesterified. The data on chromatography of the unesterified acids 
are assembled in Table III. This method of processing does not present 
definitive proof of the absence of Cx;-phthienoic acid; however, certain dif- 
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Fig. 1. Distillation of methyl esters of acids above Coo from tubercle bacillus, 
strain H-37Ra. Profile I, esters from Lot A, cf. Table I. Profile II, esters from Lot 
B, cf. Table II. Profile IIR, systematic redistillation of fractions from Profile II. 
Properties of fractions represented in Profile IIR are found in Table II. 


ferences between the avirulent and virulent strains are brought out more 
clearly by this different procedure. The absence of C2;-phthienoic acid is 
strongly indicated by the fact that the major a,8-unsaturated component 
(Fraction 3) eluted early in the chromatogram has a considerably lower 
optical rotation than C2;-phthienoic acid and also has its maximal absorp- 
tion in the ultraviolet region at a shorter wave-length. In Fractions 4 to7 
in this chromatogram, the large drop in dextrorotation, accompanied by 
essentially no decrease in the ultraviolet absorption, suggests the presence 
of a levorotatory a,8-unsaturated acid. 

A particularly striking difference in behavior from that of the acids from 
virulent strains may be noted in the acids eluted at higher concentrations 
of benzene (Table III, Fractions 12 to 16). In the virulent strains these 
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fractions contain high percentages of saturated and levorotatory acids. 
These fractions in Table III are dextrorotatory, contain little if any a,8- 
unsaturation, and contain acids with one or more non-conjugated double 








TaBLeE III 
Chromatography of Unsaturated Acids from H-87Ra, Lot C 
| 
‘ Weight of 
— Pe... 1 | —_ = nheptane Kat Kaoot Kmaxt lalS 
ml. mg. mu 
1 530 25.4 None 4.0 5.5 
2 400 60.3 217 8.0 7.0 9.1 +5.1 
3 230 126.9 213 24.5 19.5 25.2 +12.7 
4 225 82.8 216 20.0 13.5 22.2 +10.4 
§ 240 112.8 216 24.0 15.0 27.4 +10.0 
6 300 61.6 +8.8 
7 200 27.8 215 22.0 14.5 23.6 +1.8 
8 250 30.8 214 23.0 15.0 24.8 +6.0 
9 260 69.3 +5.0 
10 105 72.7 216 5.4 5.4 5.5 —1.1 
11 300 90.1 

12 275 31.0 220t 9.5 20.5 8.0 +3.4 
13 290 96.2 None 9.5 20.5 +4.4 
14 350 79.3 225t 14.8 35.0 12.4 +4.3 
15 325 38.3 225t 7.5 20.0 7.8 0.0 

16 250 40.0 224t 19.3 56.0 17.6 

275t 2.3 


























* The eluent was collected in cuts of 25 to 60 ml., the weight of solute in each cut 
was determined, and appropriate cuts were combined to give the fractions listed. 
As the rate of elution became slow, the eluting solvent was changed progressively. 
At the beginning of each fraction printed in italics (except Fraction 9, where the 
solvent was changed midway through the fraction), the solvent was changed as 
follows: Fraction 3, from absolute ethanol to 5 per cent benzene in ethanol; Fraction 
5, 10 per cent benzene; Fraction 9, 30 per cent benzene; Fraction 13, benzene. 

{See Table I, foot-note, for definition of K, the values for which were deter- 
mined on a center cut of each fraction. The absorption of a pure a,8-unsaturated 
acid drops sharply at wave-lengths below the maximum; a rise in absorption in this 
region, for aliphatic compounds, can be attributed only to non-conjugated carbon, 
carbon double bonds. 

t The maximum at about 225 my is characteristic of two carbon, carbon double 
bonds conjugated with each other but not with the carbonyl group, whereas a maxi- 
mum at about 275 my is characteristic of two carbon, carbon double bonds conju- 
gated with the carbonyl group. In Fractions 12, 14, 15, and 16, the presence of one 
or more non-conjugated double bonds is also indicated by a minimum in the curve 
at a wave-length below the maximum, followed by a steep rise in absorption as the 
limit of the instrument (about 202 my) is approached. Kymin are as follows: Fraction 
12, Kos 7.5; Fraction 14, Ko17 12.2; Fraction 15, Ko. 6.7; Fraction 16, Ko15 15.8. 
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TABLE IV 
Chromatography of Unsaturated Acids from BCG 
Fraction | “iuent in | soiutein | riper | Keet | Kast | Kast lar 
, fraction fraction 
1 450 16.1 None | —1.5 + 0.8 
2 150 12.9 “ 0.0 
3 70 141.4¢| 218 11.9 | 20.3 | 24.8 | +12.8+4 0.1 
4 460 100.9 | 218 15.5 23.0 27.5 | +13.1 + 0.3 
5 210 72.6§ | 217 15.8 | 26.5 | 30.8 | +15.7 + 0.2 
6 450 76.3 215 12.4 18.4 19.8 +9.4 + 0.6 
7 400 86.9 None 10.8 8.0 —2.1 + 0.3 
8 510 34.2 220)| 54.4 | 21.8 17.9 +1.2 + 1.0 
275 4.14 
9 225 18.8 225|| 20.0 10.0 8.3 —2.3 + 0.7 
10 800 68.0 225|| 63.7 | 22.8 | 20.6 +3.1 + 0.5 
275 3.73 
11 1000 92.2 225]| 62.9 | 18.6 16.5 +3.4 + 0.3 
275 | 2.45 
12 1200 34.0 224|| 13.6 8.5 8.0 +1.5 + 0.8 
IR 240 2.1 
2R 170 39.6 218 | 17.6 +8.3 
3R 240 53.8t 218 | 22.8 | +12.2 
4R 280 19.7 
5R 220 | 38.8 | € | +10.2 








* The eluent was collected in cuts of 20 to 60 ml., the weight of solute in each cut 
was determined, and appropriate cuts were combined to give the fractions listed. 
As the rate of elution became slow, the eluting solvent was changed progressively; 
these changes occurred at the beginning (except for Fraction 5, which changed at 
mid-point) of fractions printed in italics, as follows: Fraction 3, from absolute 
ethanol to 5 per cent benzene in ethanol; Fraction 4, 10 per cent benzene; Fraction 5, 
20 per cent benzene; Fraction 7, 40 per cent benzene; Fraction 9, benzene; Fraction 
12, hexane. In rechromatography, the eluent was changed as follows: Fraction 2R, 
from absolute ethanol to 2 per cent benzene in ethanol; Fraction 3R, 4 per cent 
benzene; Fraction 4R, 6 per cent benzene; Fraction 5R, 10 per cent benzene. 

+ The same as in Table III. 

t Fraction 3 was rechromatographed on 5 gm. of a 1:2 mixture of Celite No. 521 
and Darco G-60, to give Fractions 1R to 5R at the end of the table. Fraction 3R 
was counter-currently extracted in alkaline solution (3) to remove neutral material. 
Molecular distillation of the recovered acid gave 39 mg. of an oil with the following 
properties: [a]?” +14.9° (chloroform) ; \max 218 my, € 12,600; long wave-length bands 
in the infra-red at 10.06, 12.50, 13.26, and 14.93 »; equivalent weight 454 (calculated 
for CsoHssO2, 451). Kuhn-Roth oxidation gave 3.34 moles of acetic acid per mole of 
acid; hence five terminal methyls or four branches in the chain are indicated (for dis- 
cussion of the infra-red spectra and Kuhn-Roth oxidations, cf. (3), foot-notes to 
Chromatogram A). 

§ Removal of neutral material from Fraction 5 by counter-current extraction (3), 
followed by molecular distillation, gave 49 mg. of an oil which solidified after stand- 
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TaBLE I—Concluded 

ing for a week, m.p. 32-35°. This material had the following properties: [a]? 
+14.9° (chloroform) ; Amax 218 my, € 14,100; long wave-length bands in the infra-red 
at 10.08, 12.50, 13.28, and 14.95 uw; equivalent weight 448, 449 (calculated for C3oH5sO2, 
451). Kuhn-Roth oxidation gave 3.37 moles of acetic acid per mole of acid; hence, 
five terminal methyls or four branches in the chain are indicated (cf. foot-note). 

|| Refer to foot-note, Table III. The Kymin are as follows: Fraction 8, Ko:7 17.8; 
Fraction 9, Ko:_ 8.0; Fraction 10, Ko; 18.7; Fraction 11, Kos 14.8; Fraction 12, Ka; 
7.6. 

§{ The ultraviolet spectrum was not determined; however, the infra-red spectrum 
showed the long wave-length bands characteristic of 2,4-dimethyl-2-alkenoic acids 
(6), at 10.06, 12.50, 13.25, and 14.9 yu. 


bonds. Such acids have been noted in the virulent strains (3), but in rel- 
atively small amounts. They appear to be major constituents in the lip- 
ides of the avirulent strain here investigated. 

Since strain H-37Ra had been found to produce fatty acids which differ 
considerably from those of virulent strains, especially in regard to the ab- 
sence of Co;-phthienoic acid, it was deemed of interest to examine the fatty 
acids from the attenuated strain, BCG. Since this strain does not grow 
vigorously, the quantities of cells available were such that investigation of 
the acids by chromatography seemed most promising. When the total 
acids from the lipides of BCG were partially esterified, only about 8 per 
cent remained unesterified. As in the case of strain H-37Ra, the a,6-un- 
saturated acid separated by partial esterification exhibited a maximum in 
the ultraviolet region at about 210 my, a considerably shorter wave-length 
than the maximum for C.;-phthienoic acid. Chromatography of this acid 
on charcoal (ef. Table IV) produces a pattern quite similar to that demon- 
strated by the acids from H-37Ra (Table ITI), in that the fractions eluted 
at higher concentrations of benzene are dextrorotatory and contain acids 
with one or more double bonds not conjugated with carboxyl. There was 
eluted at low concentrations of benzene, however, highly dextrorotatory 
material (Fractions 3 to 5) with the absorption in the ultraviolet region at 
the correct place for C2;-phthienoic acid. There were obtained from these 
fractions two acids, or possibly only one, consisting entirely of a ,8-unsat- 
urated material, but neither of these had properties corresponding to those 
of C;-phthienoic acid. The most notable difference was that the molecular 
weight was at the Co level; however, the melting point was different, the 
intensity of absorption in the ultraviolet region was greater, and the rota- 
tion was considerably less. Also, these acids probably have one more 
branch in the chain than does Cy;-phthienoic acid. Except for the Co 
formula, indicated in several titrations of carefully purified material, these 
acids have properties nearly identical with those of the Cos-phthienoic acid 
isolated in small amounts from the virulent strain H-37Rv (3). Thus it 
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appears that BCG forms as a major component in the a,6-unsaturated 
fraction acids of the type found only in traces in H-37Rv, and does not 
form the C2;-phthienoic acid, which occurs persistently in virulent strains 
of the tubercle bacillus. 

The data secured in the present investigation seem to establish beyond 
any reasonable doubt that there are significant differences in the fatty acids 
formed by virulent and non-virulent strains of the tubercle bacillus. 


EXPERIMENTAL! 


Processing of Bacteria—Each lot of bacteria? was processed as has been 
described previously (2). 

Strain H-37Ra, Lot A, grown on a veal infusion broth, wet weight 420 
gm., yielded 11.07 gm. of lipides; saponification gave 6.78 gm. of fatty acids. 

Strain H-37Ra, Lot B, grown on the Wong-Weinzerl medium (8), wet 
weight 1400 gm., yielded 28.4 gm. of lipides; saponification gave 18.35 gm. 
of fatty acids. 

Strain H-37Ra, Lot C, grown on a veal infusion broth, was received in 
a dry condition, weight 78 gm. Saponification of the extracted lipides gave 
5.92 gm. of acids. 

Organism BCG 173, grown on Long’s synthetic medium (9), wet weight 
419 gm., yielded 15.4 gm. of lipides; saponification gave 11.5 gm. of fatty 
acids. The very high fatty acid content of the BCG lipides seems note- 
worthy. 


Examination of Acids from H-37Ra, Lot A 


Distillation of the methyl esters of the acids through the previously de- 
scribed 4 foot column (7) is presented in Table I and in Fig. 1, Profile I. 

Further Investigation of Fractions 10 and 11 from Distillation—Saponifica- 
tion of Fractions 10 and 11 combined yielded 704 mg. of acids. Crystalliza- 
tion of these acids from acetone yielded 156 mg. of crude n-hexacosanoic 


1 The distillations were carried out on the 4 foot column which has been described 
in detail (7); the boiling points are corrected. Microanalyses are by the Micro- 
analytical Division, Department of Chemistry, University of California. The ultra- 
violet spectra were determined with a Beckman model DU quartz spectrophotom- 
eter, in spectroscopically pure heptane, at concentrations adjusted to give optical 
density readings in the range 0.2 to 1.2. The infra-red spectra were recorded on a 
Baird double beam recording spectrophotometer or a Perkin-Elmer model No. 21 
double beam recording spectrophotometer, in carbon disulfide as solvent (the region 
of 6.2 to 7.2 u, masked by this solvent, is not of interest for the compounds being in- 
vestigated). 

? For the lots of strain H-37Ra we are indebted to Dr. H. A. Dettwiler and Dr. 
W. B. Sutton of Eli Lilly and Company, Indianapolis. For the BCG organisms we 
are indebted to Dr. Esmond R. Long, Director of the Henry Phipps Institute, Phila- 
delphia, where these organisms were grown. 
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acid, m.p. 75-79°. One additional crystallization yielded 98 mg. of color- 
less acid, m.p. 75-82°, and the mixed melting point with an authentic speci- 
men of n-hexacosanoic acid (m.p. 85-86°) was in the range 78-85°. The 
n-hexacosanoic acid from Lot B (ef. below) was identified more rigorously. 

The combined material from the mother liquors of the above crystalliza- 
tions, 536 mg., was subjected to partial esterification by the procedure which 
has been previously described (3). This procedure yielded 276 mg. of neu- 
tral material and 255 mg. of acids, fa}? +4.80°; Amax 212 my, K 11.5. 

The acidic material was chromatographed on 5 gm. of a 2:1 mixture of 
Celite No. 521 and Dareo G-60. The column was eluted in a manner 
similar to that outlined in Table IIT, and material was eluted throughout 
the range of solvent applied; however, almost one-half of the material ap- 
plied was rapidly eluted with absolute ethanol. From the first fraction of 
eluent, volume 240 ml., there were recovered 89.6 mg. of acids, and from 
the next fraction, volume 280 ml., 30.8 mg. Specific rotations of successive 
cuts from Fraction 1 varied from +11.0° to +8.1°, while the specific rota- 
tion of Fraction 2 was +3.9°. Fraction 1 had max at 217 my, K from 23.6 
to 19.1. The highest rotation and strongest absorption in the ultraviolet 
spectrum coincided in the first cut of Fraction 1. Since the pure a,6-un- 
saturated acid at the Co, molecular weight level has a K of about 34, it 
may be calculated that the a,6-unsaturated acid in Fraction 1 has a specific 
rotation of about +14°, considerably below the specific rotation of Cz- 
phthienoic acid. Fractions eluted after addition of benzene to the eluent 
had low optical rotations and K values in the range 7.9 to 13.4, with the 
Amax at 214 muy. 

The acid from Fraction 1 above was separated from any neutral material 
by counter-current extraction (3). There were recovered 53 mg. of acid, 
which was a colorless oil, [a]?? +10.1°, Amax 217 mu, K 21.7. The sample 
recovered from determination of optical rotation was evaporatively distilled 
and subjected to analysis. 


CopH 5902 (394.7). Calculated. C 79.11, H 12.77 
Found. ** 79.05, ‘* 12.38, equivalent weight 397 


Thus, the molecular weight and optical rotation disagree with those of 
Cy-phthienoic acid; moreover, repeated efforts to induce crystallization of 
this acid by seeding with C,»;-phthienoic acid were unsuccessful. The infra- 
red spectrum of this acid showed long wave-length unsaturation bands at 
9.85, 10.1, 12.52, 13.30, and 15.0 wu. The latter four absorption bands are 
located at approximately the wave-lengths of those characteristic of C.;- 
phthienoic acid; however, there is in addition a band at 9.85 uw, which has 
been found to be characteristic of a ,6-unsaturated acids having a substit- 
uent larger than methyl at the y position (6). The presence of bands at 
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both 9.85 and 10.1 u» suggests that this small amount of acidic material is 
a mixture of at least two acids. 


Examination of Acids from H-37Ra, Lot B 


Distillation of the methyl] esters of the acids through the 4 foot column 
(7) is presented in Table II and in Fig. 1, Profiles II and IIR. 

Further Investigation of Fractions 2R to 6R from Distillation—By three 
crystallizations of Fraction 5 from acetone, there was isolated methyl n-hex- 
acosanoate, m.p. 61.0-61.7°._ There was no depression in the melting point 
on admixture with an authentic sample of methyl n-hexacosanoate, m.p. 
60.5-61.5°. Saponification of the ester from Fraction 5 and recrystalliza- 
tion of the resultant acid from acetone gave n-hexacosanoic acid, m.p. 85.0- 
85.5°, equivalent weight 400 (calculated 396.7). There was no depression 
in the melting point on admixture of this acid with an authentic specimen 
of n-hexacosanoic acid, m.p. 85.0-86.0° (literature (10), m.p. 87.7°). Since 
iso acids have melting points very near to those of the normal isomers, the 
isolated sample of n-hexacosanoic acid was subjected to infra-red analysis.’ 
Quantitative study of the band at 7.25 u, due to the methyl group, showed 
the presence of only one methyl per molecule; hence, the iso structure is 
eliminated. n-Hexacosanoic acid was also isolated by crystallization from 
Fractions 4 and 6. 

Material from the mother liquors from which n-hexacosanoic acid had 
been isolated was combined with Fractions 2 and 3. Saponification of the 
total yielded 1.751 gm. of yellow semisolid acid. After crystallization of 
additional n-hexacosanoic acid from acetone, evaporation of the mother 
liquor yielded 1.450 gm. of acids which were partially esterified according 
to the usual procedure (3) to yield 1.228 gm. of neutral material and only 
213 mg. of acidic material. 

Chromatography of the unesterified acids on 5 gm. of a 2:1 mixture of 
Celite No. 521 and Darco G-60 was carried out according to a scheme sim- 
ilar to that outlined in Table III. All fractions eluted were levorotatory, 
and 139 mg. of the total were eluted with absolute ethanol. These fractions 
had specific rotations varying from —2.65° to —0.75°. The ultraviolet 
spectra exhibited no maxima, but an increase in absorption as 200 my was 


approached; thus non-conjugated unsaturation is indicated. In fractions 


eluted after addition of benzene to the eluting solvent there were observed 
very low levorotations and maxima in the ultraviolet spectra at about 224 
my. This indicates the presence of the same type of acids as was found in 
the later fractions in Table IIT. 


3 For the quantitative determination of methyl groups in n-hexacosanoic acid, we 
are indebted to Dr. N. K. Freeman, Division of Medical Physics, University of Cali- 
fornia. 
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Examination of Acids from H-37Ra, Lot C 


The total acids were partially esterified (3) for a total of 17 hours, al- 
though the rate of esterification was negligible after 10 hours. The prod- 
ucts of this treatment were 4.57 gm. of neutral material and 1.18 gm. of 
acids, Dae 214 my, K 15.1, Koo 14.9, Koo 12.0. 

The total acid remaining unesterified was applied in absolute ethanol to 
a column of 30 gm. of a 2:1 mixture of Celite No. 521 and Darco G-60. 
The data on the chromatography are assembled in Table III. 


Examination of Acids from BCG 173 


The total acids were partially esterified (3) for 24 hours, although the 
rate of esterification became negligible after 12 hours. The products of 
this treatment were 10.12 gm. of esters and 0.935 gm. (8.3 per cent of total 
acids) of acids, Amax 210 mu, K 18.5, Kmin 18.2 (207 my), Koo2 19.3. 

The total acids were applied in absolute ethanol to 30 gm. of a 2:1 mix- 
ture of Celite No. 521 and Darco G-60. The data on chromatography and 
further examination of Fractions 3 and 5 are included in Table IV. 


SUMMARY 


The fatty acids from the lipides of three lots of tubercle bacillus, strain 
H-37Ra, and one lot of bacillus Calmette-Guérin 173 have been examined. 
In the fatty acids with molecular weights above Coo there were found sharp 
differences between these lots of non-virulent strains of tubercle bacillus 
and previously examined lots of virulent strains of tubercle bacillus. 

In one lot of H-37Ra, the higher fatty acids consisted entirely of levo- 
rotatory acids containing one or more double bonds not conjugated with 
the carboxyl group. 

Application of the best techniques which have been successful in isolating 
the physiologically active C2;-phthienoic acid from virulent strains of the 
tubercle bacillus has failed to result in the isolation of any of this acid from 
the non-virulent strains under present investigation. 

There were also other differences in the fatty acids from the non-virulent 
strains. Saturated levorotatory acids are either absent from the non-viru- 
lent strains or present in very small amounts; in their place occur higher 
acids with one or more carbon, carbon double bonds not conjugated with 
the carboxyl group. This latter type of acid has been found only in small 
amounts in the virulent strains of tubercle bacillus. 
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HEMOGLOBIN SYNTHESIS IN RABBIT 
RETICULOCYTES IN VITRO* 


By JACQUES KRUH{ anp HENRY BORSOOK 


(From the Kerckhoff Laboratories of Biology, California 
Institute of Technology, Pasadena, California) 


(Received for publication, September 19, 1955) 


We have reported the rapid incorporation of labeled amino acids into 
the proteins of rabbit reticulocytes in vitro and the stimulation of this proc- 
ess by certain amino acids, iron, fructose-amino acids, glucose, and some, 
as yet, unidentified material in the filtrate of boiled plasma. The incorpo- 
ration was measured in the mixture of the total proteins of the reticulo- 
cytes (1, 2). 

In the study reported here two protein fractions were isolated, the hemo- 
globin, which comprises more than 75 per cent of the total, and the water- 
insoluble proteins. The hemoglobin was fractionated into heme and globin. 
Experiments were carried out with four C'-labeled amino acids and with 
different stimulators to ascertain whether heme synthesis and amino acid 
incorporation went parallel or not. 

The four C*-amino acids used were methylene-labeled glycine and car- 
boxyl-labeled L-histidine, L-leucine, and L-lysine. Under the conditions of 
our experiments, significant radioactivity in the heme was to be expected 
when methylene-labeled glycine was used, but none with the labeled histi- 
dine, leucine, or lysine, or with carboxyl-labeled glycine (3). This was con- 
firmed in the first experiments with each amino acid. Thereafter, the iso- 
topic glycine used was always methylene-labeled, and the radioactivity of 
the heme was measured only in the experiments with glycine so labeled. 
The resulting radioactivity of the globin and of the water-insoluble proteins 
was, of course, measured in all the experiments. 

Labeled Amino Acids—Methylene-labeled C'-glycine was obtained from 
Tracerlab, Inc.; as used its specific activity was 5.5 X 10° ¢.p.m. per mmole. 
Syntheses of t-histidine, t-leucine, and L-lysine were as previously described 
(1, 4, 5); their specific activities were, respectively, 2.31, 2.29, and 1.56 X 

*This study was aided by a contract between the Atomic Energy Commission 
and the Division of Biology, California Institute of Technology. It was also sup- 
ported by a research grant from the National Institutes of Health, United States 
Public Health Service, and by a grant-in-aid from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 

{ French Government and Fulbright Fellow. Present address, Laboratoire de 


Recherches de Biochimie Médicale, Hépital des Enfants Malades, 149 rue de Sevres, 
Paris 15, France. 
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10° c.p.m. per mmole. Their initial concentrations in the reaction mixture 
were always 0.001 m. 


Unlabeled Amino Acid Mixture 


The reaction mixture contained the following unlabeled amino acids, con- 
centrations being expressed as micrograms per ml. of reaction mixture: 
L-arginine 14.8, L-aspartic acid 25.1, glycine 11.0, L-histidine 21.6, L-isoleu- 
cine 9.7, t-leucine 25.0, L-lysine 41.0, L-phenylalanine 28.0, pi-serine 46.0, 
L-threonine 13.5, L-tryptophan 4.5, and .L-valine 24.3. The unlabeled 
amino acid corresponding to the labeled amino acid used in the experiment 
was omitted. 

Iron—Iron was added usually as FeSO,.(NH,)2-SO,-6H.O. Ferrous 
chloride was equally effective but less convenient. To obtain consistent 
and maximal effects it was necessary to add the iron to the reaction mix- 
ture after the reticulocytes as the last ingredient before incubation. 

Fructose-Amino Acids—Four fructose-amino acids (1-deoxy-l-amino-2- 
ketohexoses) (2, 6), 7.e. those of L-aspartic acid, glycine, L-leucine, and L- 
phenylalanine, were used, each at 2 X 10‘ m, which is approximately the 
minimal concentration giving maximal stimulation with 0.5 y of Fe per ml. 


To obtain the stimulating action of fructose-amino acids, it is necessary to | 


add the above unlabeled amino acid mixture to the reaction mixture. 
Plasma Filtrate—The plasma filtrate was prepared from the blood of rab- 
bits made anemic with phenylhydrazine as previously described (1). This 
filtrate still contains some protein; when it is dialyzed against water until 
the dialysate no longer gives a test with AgNO;, most of the stimulating 


activity is found in the dialysate. In some of the later experiments the | 


dialysate was used instead of the whole plasma filtrate. 


Reaction Mixture and Incubation Procedure 


The production of the reticulocytosis and the preparation of the reticu- 
locytes were as described previously (1). The incubation was carried out 
in 20 ml. beakers in the Dubnoff apparatus (7) under 95 per cent O2 and 
5 per cent CO, at 37.5°, for either 2 or 4 hours as indicated below, with a 
rocking rate of 100 cycles per minute. Each beaker contained 1 ml. of 
packed reticulocytes in 8 ml. of reaction mixture; the solvent was Krebs- 
Henseleit solution (8). As six to twelve such beakers were needed to pro- 
vide enough heme and water-insoluble protein for accurate counting, and 
the Dubnoff apparatus holds only thirty beakers, it was possible in any 
one experimental run to compare, at the most, only four variants. In- 
corporation of glycine was the common reference from experiment to ex- 
periment. This choice was fortunate, because the rates of heme synthesis 
and of the incorporation of glycine per residue of glycine in the globin 
turned out to be the same. 
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All the glassware and all the solutions except the amino acid mixture were 
sterilized in the autoclave. Since repeated autoclaving was found to de- 
stroy phenylalanine, the amino acid mixture was boiled once and then kept 
in the deep freeze in small flasks with just enough, usually 30 ml., for one 
experiment per flask. 

At the end of the incubation the cells were washed five times by suspend- 
ing and then centrifuging in 10 volumes of Krebs-Henseleit solution each 
time. The cells were then hemolyzed with water. 


Preparation of Hemoglobin 


The hemoglobin was isolated and purified by a modification of the 
method of Roche et al. (9-11). Equivalent amounts of KH2PO, and KzHPO, 
were added to give 2.9 m total phosphate. All the plasma and cellular 
proteins were salted out, whereas rabbit hemoglobin, which is extremely 
soluble, remained in solution. After standing overnight at room tempera- 
ture, the salted out proteins were removed by filtration. The hemoglobin 
was then salted out by further addition to the filtrate of equivalent amounts 
of the two phosphate salts to give 3.5 m phosphate. The hemoglobin was 
collected by filtration on a Biichner funnel and washed on the filter with 
3.5 M phosphate solution. The washed hemoglobin was then dissolved in 
about 50 ml. of water and dialyzed at 4° for 3 days against repeated changes 
of water (total volume 10 liters). 

Preparation of Heme—The heme was isolated from the hemoglobin by 
an adaptation of the method of Anson and Mirsky (12). 10 volumes of 
1 per cent HCl in acetone were added to the hemoglobin solution; the 
globin, which precipitated, was removed by filtration, an equal volume of 
water was added to the filtrate, and the diluted acetone solution was evap- 
orated under a lamp.! After a few hours the heme precipitated; it was 
washed by decantation four times with water, dried overnight at 100°, dis- 
solved in 0.5 ml. of pyridine, and then filtered onto a circle of lens paper 
that fitted exactly in a circular aluminum cup, 19 mm. in diameter, and 
dried under a lamp. With 8 to 15 mg. of heme, a uniform spread was ob- 
tained for the measurement of the radioactivity. 

Preparation of Globin—The globin which had been filtered from the heme 
was washed on the filter with 1 per cent HCl in acetone until the washings 
were colorless. It was then suspended in 80 ml. of 7 per cent trichloro- 
acetic acid, set away at room temperature overnight, centrifuged, redis- 
solved in 2 ml. of 1 N NaOH, and then reprecipitated by 100 ml. of 7 per 
cent trichloroacetic acid. The precipitated protein was transferred to a 
centrifuge tube, in which it was washed twice with 7 per cent trichloroacetic 
acid, twice with a mixture of equal volumes of acetone and ether, once with 


! Unpublished method of Dreyfus, J. C., Kruh, J., and Schapira, G. 
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acetone, twice with ether, and then dried at 85°. The globin thus obtained 
was a fine, white powder. 

Preparation of Water-Insoluble Proteins—The insoluble material remain- 
ing after the thoroughly washed red cells had been lyzed was washed thor- 
oughly with water to remove all hemoglobin and other soluble proteins, 
It was then suspended in 100 ml. of 7 per cent trichloroacetic acid and 
heated for 10 minutes at 90° to remove nucleic acids. From this point on 
the procedure was the same as that with globin. 

Measurement of Radioactivity—The material whose radioactivity was to 
be measured was spread uniformly on an aluminum plate 19 mm. in diam- 


TABLE I 
Stimulation of Heme Synthesis and Amino Acid Incorporation by Iron 


In the blanks the degree to which the labeled amino acid was incorporated into the 
globin varied with different batches of cells from 2 to 8 mmoles per mole of that amino 
acid in globin. No results with iron but without the amino acid mixture are given 
because added iron has an insignificant effect without the addition of the amino 
acids. The results are expressed as per cent of the blank value. Incubation, 4 
hours. In Tables I, II, III, and V, Gly = glycine, His = histidine, Leu = leucine, 
Lys = lysine. 





























Heme Amino acid incorporation into 
syn- 
Gesls Globin |Water-insoluble proteins 
C-Amino acid used 
Gly Gly | His | Leu | Lys | Gly | His | Leu | Lys 
Blank (amino acid mixture alone) ..... 100 | 100) 100) 100) 100} 100} 100) 100) 100 
‘«¢ + iron, 0.5 y per ml............| 112 | 142) 123) 137| 140) 80) 101) 129) 121 
Se ae So a kn wasn cana 196 | 180) 156 150) 188! 78) 121) 167) 188 








eter and counted in a Geiger-Miiller end window counter (13). An em- 
pirical self-absorption curve was used to correct for the thickness of the 
sample. 


Calculations 


Heme—Heme-pyridine hemochromogen contains 2 residues of pyridine 
per heme (14). 8 molecules of glycine enter into the synthesis of 1 of heme 
(3). On this basis the number of millimoles of heme synthesized per } 
molecule of hemoglobin (or per mole of heme attached to hemoglobin) iso- 
lated is given by ((counts per minute per mg. of heme-pyridine)/ (counts per 
minute per millimole of labeled glycine X 8)) X 774 X 10°. 
Incorporation of Amino Acids into Globin—In order to compare the rates 
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J. KRUH AND H. BORSOOK 909 
ed of incorporation of four different amino acids into globin it is necessary to 
take into account the amounts of these amino acids in the globin. There 
in- are no reliable analytical data on rabbit hemoglobin. Accordingly, we have 
or- used the following data of Schroeder et al. (15) on human hemoglobin ex- 
ns, pressed as residues per molecule of hemoglobin: glycine 43.1, histidine 36.3, 
nd leucine 76.0, and lysine 44.0. Tristram (16) gives the following (as residues 
on per molecule of hemoglobin) for horse hemoglobin: glycine 48, histidine 36, 
leucine 75, and lysine 38. In view of the similar amino acid composition 
to 
m- TaBLeE II 
Stimulation of Heme Synthesis and Amino Acid 
Incorporation by Fructose-Amino Acids 
In each case the fructose-amino acid was added to a concentration in the reaction 
she mixture of 2 X 10-4 m. The results are expressed as per cent of the blank value. 
no Incubation, 4 hours. 
en acta 
no | Heme | Amino acid incorporation into 
4 
ne, th thesis | Globin Water-insoluble proteins 
os C¥-Amino acid used 
. | Gly | Gly | His | Leu | Lys| Gly | His | Leu | Lys 
we Blank (amino acid mixture alone)..... 100 | 100} 100) 100} 100) 100) 100) 100) 100 
«+ iron, 0.5 y per ml............ 112 | 142) 121) 142) 140) 80} 129) 101) 120 
= ““ + “ec 0.5 “ck “c + fruc- | | 
ys tose-L-aspartic acid. ................ 164 | 215 59 
nie Blank + iron, 0.5 y per ml. + fructose- 
00 NS eRe bine th ark ea clt Gone ance ia 180 | 230) 140) 198 170) 54| 167) 129) 121 
21 Blank + iron, 0.5 y per ml. + fructose- | aoe , hee oe 
88 0 ee er | 190} 161; | 179) —s|:109 
so Blank + iron, 0. 5 y per mi. * fruc tose- | | 
L-phenylalanine... sore] 152 | 234) | 211) 173) 56| 175! | 120 
n- 3, Woe eee a ' | | ' ' Hay & ' 
he 
of human and horse hemoglobins it seems likely that the values obtained 
by Schroeder et al. for human hemoglobin can be used for rabbit hemo- 
globin for purposes such as ours, without significant error. 
ne The number of millimoles of labeled amino acid incorporated into hemo- 
ne globin per residue of that amino acid in the protein, let glycine be an exam- 
i ple, is given by ((counts per minute per mg. of globin)/(counts per minute 
0- per millimole of glycine X 43.1)) X 6.6 X 10’. 
er Incorporation of Amino Acids into Water-Insoluble Proteins—The water- 
insoluble proteins are a mixture of undetermined composition. The rate 
es of incorporation was expressed as micromoles per gm. of protein, which is 
KUM 
NN awe | 
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given by ((counts per minute per mg. of protein)/(counts per minute per 
millimole of labeled amino acid)) X 10°. 


Results 


Tables I, II, and III show the stimulation, respectively, by iron, fructose- 
amino acids, and plasma filtrate. All three of these stimuli required ad- 
dition of the amino acid mixture to be effective, and the last two also re- 
quired iron. The stimulating effect of the fructose-amino acids is clear 
with 0.5 y of iron per ml., but, when added with 5.0 y of iron per ml., there 
is little or no more stimulation than by this amount of iron alone; the effect 
of the plasma filtrate is superimposed on that of a high concentration of 
iron. The synthesis of heme and the incorporation of the four amino acids 


TaBLeE III 


Stimulation of Heme Synthesis and Amino Acid 
Incorporation by Plasma Filtrate 


The results are expressed as per cent of the blank value. Incubation, 4 hours. 





a Amino acid incorporation into 


syn- 
thesis 





Globin |Water-insoluble proteins 





C-Amino acid used 



































Gly | Gly | His | Leu| Lys | Gly | His | Leu} Lys 

Blank (amino acid mixture alone)..... 100 | 100} 100} 100} 100) 100; 100) 100) 100 

‘¢ + iron, 5.0 y per ml............ 165 | 183) 175) 228) 183) 72) 150 189 169 
«oo 4+ « 50% “ “ + plasma 

filtrate, 0.25 ml. per ml.............. 298 | 298| 300) 320| 251] 59) 249) 220 203 





into globin and that of histidine, leucine, and lysine into the water-insol- 
uble proteins were all stimulated. The incorporation of glycine into the 
water-insoluble proteins was decreased by all three stimuli; we have no 
explanation for this effect. 

The rates of synthesis of heme and of glycine incorporation into globin 
per glycine residue were equal (Table IV). No systematic variation is dis- 
cernible in the ratio of these two rates with different stimulating substances 
and a wide range of activity in the cells. This result would not have oc- 
curred if there had been a significant pool in the cells of unlabeled inter- 
mediates of heme or of globin, or of free heme or globin. The rates of 
synthesis of the two parts of hemoglobin must have been nearly the same. 

A number of experiments were carried out to ascertain the relative rates 
of incorporation of several different amino acids into globin under different 
conditions of stimulation. The procedure was to add labeled glycine, histi- 





TaBLe IV 
Comparison of Rate of Synthesis of Heme and Concurrent Incorporation of 
. Glycine into Globin under Different Conditions of Stimulation 
and during Different Lengths of Time 

















Globin, mmoles 
Stimulating substances added to reaction nee pad | coy glycine — Ratio, + 
mixture experi-|ments in| per mole of dots aie a 
ment | group total heme in globin 
r (1) (2) (3) (4)* (5)* (6)t (7)t 
a hrs. x? 
r Blank (amino acid mixture 1 1 1.67 2.19 1.31 | 3.897 
alone) 
“ “ 2 1 | 2.48 3.31 1.33 | 4.414 
t « “ 4 6 | 2.53-8.04 | 2.58-7.57 | 1.06 | 0.878 
f Blank + iron, 0.5 y per ml. 2 3 2.92-6.60 | 2.81-5.86 0.95 | 0.304 
s a oe a 2 5 3.16-3.88 | 2.66-3.54 0.88 | 2.938 
a ae se SS 4 1 4.57 5.12 1.12 | 0.584 
= - * Ott F ee 1 7.51 6.30 0.83 | 1.171 
fructose-aspartic acid 
Blank + iron, 0.5 y per ml. + | 4 1 5.18 5.53 1.06 | 0.146 
fructose-aspartic acid 
Blank + iron, 0.5 y per ml. + | 2 1 6.64 5.94 0.89 | 0.490 
3 fructose-glycine 
Blank + iron, 0.5 7 per ml. + | 4 2 3.45-5.70 | 3.00-5.93 0.92 | 0.529 
“a fructose-glycine 
a: Blank + iron, 0.5 y per ml. + | 2 1 2.63 2.82 1.07 | 0.198 
fructose-histidine 
—_ Blank + iron, 0.5 y per ml. + | 2 2 | 2.84-4.83 | 2.92-6.04 1.13 | 1.394 


ys fructose-phenylalanine 


< Blank + iron, 1.0 y per ml. + | 2 3 4.87-5.60 | 4.49-5.78 0.96 | 0.197 
00 plasma filtrate, 0.25 ml. per ml. 


69 Blank + iron, 5.0 y per ml. + | 1 1 2.87 2.80 0.97 | 0.036 
plasma filtrate, 0.25 ml. per ml. 
03 Blank + iron, 5.0 y per ml. + | 4 2 | 5.68-9.36 | 7.48-10.33 | 1.20 | 3.305 


~~ plasma filtrate, 0.25 ml. per ml. 


Blank + liver extract, 0.5 ml. 2 4 | 3.54-5.40 | 3.22-5.44 0.90 | 1.643 
ol- per ml. 


























he Blank + liver extract, 0.5 ml. 2 2 | 3.62-5.14 | 3.18-5.67 0.98 | 0.033 
no per ml. + plasma filtrate, 

0.25 ml. per ml. 
: Blank + iron, 5.0 y per ml. + | 4 1 5.74 5.48 0.96 | 0.064 
in fructose-alanine + plasma 
is- filtrate, 0.075 ml. per ml. 
eg Blank + iron, 5.0 y per ml.+ | 4 1 5.24 4.87 0.93 | 0.198 
De- fructose-glycine + plasma 
- filtrate, 0.075 ml. per ml. 
of Neh cha 2: uc f anh iad ped aaStied hatin ws wel Ma MAE Sake 1.00 
ne. EE OE Te OT OTe Oe +0.157 
tes NR ree FT ae ee Te Sibahes eskioteaie ietid 22.419 
ant ON ee een ale tr ea ee ey ya SRR Seep 0.26 
sti- 911 
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TaBLe [V—Concluded 


The fructose-amino acids were at a concentration of 2 X 10°! mM. Unlabeled 
L-serine was added to the reaction mixture equivalent to one-quarter of the total 
labeled glycine added. Serine is formed from glycine in reticulocytes. When no 
unlabeled serine was added, 14 per cent of the radioactivity in the globin after ex- 
periments with radioactive glycine was found to be due to radioactive serine (1). 
In these experiments the labeled serine formed from the glycine was diluted by the 
unlabeled serine in the reaction mixture. Accordingly, much less, probably less 
than 5 per cent, of the total radioactivity in the globin after the use of labeled gly- 
cine was due to labeled serine incorporated. No correction was applied. In the 
statistical treatment of the data, the hypothesis was that 1.00 was the correct value 
in Column 6. On this basis the standard deviation, ¢, computed from the array of 
thirty-nine individual values of the ratio in Column 6, was 0.157. x? for each group 
was computed by means of the formula x? = =((% — m)/(¢/./n))?, where # was the 
mean for the group of the observed values of the ratio in Column 6, m = 1.00 (by 
hypothesis), and n = the number of experiments in the group. 

* Range of values. 

+ Average of individual values in the group. 


dine, leucine, or lysine to different aliquots of the same cells containing, 
otherwise, the same reaction mixture, and then to incubate all the aliquots 
concurrently under identical conditions. 

The results obtained are summarized in Table V. The amino acid in- 
corporation was first calculated as millimoles of amino acid incorporated 
per mole of that amino acid in globin.? The ratios of the values of pairs 
of amino acids are given in Table V. They show that, per mole of the 
amino acid in globin, glycine, histidine, leucine, and lysine were incorpo- 
rated at the same rate. All the deviations from 1 in the different sets of 
ratios are within the experimental error and those of the uncertainties of 
the correction factor applied to the glycine incorporation. A correction 
factor is needed for the specific activity of the glycine because the labeled 
glycine added was diluted to a significant extent by unlabeled glycine in the 
cells. The correction factor probably would vary from experiment to 
experiment, but would be within the range 1.3 to 1.6; 1.45 was used in 
the calculations of Table V.* 


2 We have found previously (1) that after the incorporation of C-labeled histi- 
dine, leucine, or lysine all of the radioactivity in the protein was accounted for by 
the incorporated labeled amino acid which was isolated as such. After the use of 
labeled glycine, 79 per cent of the radioactivity was found in the isolated glycine and 
14 per cent in the serine. In the experiments of Table V the labeled serine that was 
formed from the 8 umoles of labeled glycine initially in the reaction mixture was di- 
luted by 1.8 wmoles of added unlabeled t-serine. Accordingly, we feel that it is war- 
ranted to ascribe in every case all the radioactivity in the globin to the incorporation 
of the labeled amino acid added to the reaction mixture. 

3 This estimate is based on the following considerations: The concentration of 
glycine in reticulocytes is about 3.2 to 7.5 mm (1,17). The concentration of added 
labeled glycine was 1 mm, and the volume of the reaction mixture, containing 1 ml. 





Th 
aminc 
descri 
rected 
12.20. 
The st 





Stimt 


Blank 
alor 
Blank 


“ 


gly« 
Blank 
7 | 
ml. 
alar 





e.. 
x?.. 
Fr... 





sie 
TR 


of cel! 
specif 
8/(8 4 
ably ] 
for ad 
cine, | 
tratec 
would 





— Fe wee eS Se 


‘i- 
Vv 


ad 
as 


li- 





J. KRUH AND H. BORSOOK 913 


TABLE V 
Comparison of Rates of Concurrent Incorporation into Globin of Glycine, 
Histidine, Leucine, and Lysine 

The ratios were those of millimoles of amino acid incorporated per mole of that 
amino acid in globin. The degree of incorporation so expressed was calculated as 
described in the text. The following ranges of values were obtained: glycine (cor- 
rected), 3.86 to 17.39; histidine, 3.20 to 11.63; leucine, 3.33 to 17.00; lysine, 3.70 to 
12.20. The correction factor applied to the glycine data is 1.45 (see foot-note 3). 
The statistical treatment was the same as that in Table IV. 





x | Relative rates of incorporation 
(corrected) 
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* The fructose-amino acids were at a concentration of 2 X 10-4 m. 
+ Reaction time was 2 hours; in all the other experiments it was 4 hours. 





of cells, was 8 ml. On this basis and on the assumption of complete mixing, the 
specific activity of the glycine was reduced to between 8/(8 + 3.2) = 0.7 and 
8/(8 + 7.5) = 0.5 of that of the glycine added. Some of the unlabeled glycine prob- 
ably passed out of the cells in the washing prior to their use and this would call 
for adjusting the dilution factor nearer to1. The concentrations of histidine, leu- 
cine, and lysine in the rabbit plasma are so low (1) that, even if they were concen- 
trated in the reticulocytes to the same degree as glycine, which is unlikely, there 
would not have been any significant reduction in their specific activities. 
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DISCUSSION 

It is noteworthy that four different kinds of compounds, 7.e. iron, amino 
acids, fructose-amino acids, and the unidentified material in plasma, all ac- 
celerated the synthesis of heme, amino acid incorporation into globin, the 
incorporation of histidine, leucine, and lysine into the water-insoluble pro- 
teins, and all decreased the incorporation of glycine into the water-insol- 
uble proteins of rabbit reticulocytes. It might have been expected that 
heme synthesis would be accelerated by iron, but hardly globin synthesis, 
Conversely, it might have been expected that addition of a mixture of amino 
acids would accelerate globin synthesis, but hardly, under conditions in 
which glycine was not limiting, that heme synthesis also would thereby be 
accelerated. 

The labeled heme found in the foregoing experiments must have been 
synthesized from the labeled glycine, since it could not have become labeled 
by an exchange process. Heme synthesis and amino acid incorporation 
into globin are such dissimilar processes that a priori there was no reason 
to expect the rates of the two processes to be even nearly the same. That 
they were equal is strong presumptive evidence for the exclusion of the 
following processes as substantial contributors to the labeling of the heme 
or of the globin: adsorption of labeled amino acids, amino acid exchange 
in the globin as distinct from its synthesis from amino acids, and contribu- 
tions from pools of unlabeled intermediates of either heme or of globin or 
of initially unconjugated and unlabeled heme or globin. If there was not 
initially a pool of significant size of either heme or of globin, one would not 
expect this condition to change during the few hours of an experiment in 
vitro. The value of 1 for the ratio of the rate of heme synthesis to that of 
amino acid incorporation into globin, over a wide range of experimental 
conditions and rates, leads one to the conclusion that the main process was 
synthesis of hemoglobin de novo from iron and free amino acids as nitroge- 
nous precursors. The evidence argues for a mechanism in the reticulocyte 
that coordinates and equalizes the rates of heme and globin synthesis. 


SUMMARY 


In rabbit reticulocytes in vitro the rates of heme synthesis from labeled 
glycine and incorporation of glycine, histidine, leucine, or lysine into the 
globin and water-insoluble proteins were compared. 

1. Iron, amino acids, fructose-amino acids, and plasma filtrate acceler- 
ated both heme synthesis and incorporation of each of the four amino acids 
into globin. They accelerated the incorporation of histidine, leucine, and 
lysine, but decreased the incorporation of glycine into the water-insoluble 
proteins in proportion to the stimulation of the other processes. 

2. All the findings are in accord in indicating that heme and globin are 
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synthesized at very nearly the same rate from the amino acid pool without 
a substantial contribution from unlabeled intermediates of either heme or 
globin. 


1 mS or 


ao 


10. 
ll. 


12 


13. 


14, 
15. 
16. 


BIBLIOGRAPHY 


. Borsook, H., Deasy, C. L., Haagen-Smit, A. J., Keighley, G., and Lowy, P. H., 


J. Biol. Chem., 1£6, 669 (1952). 


. Borsook, H., Abrams, A., and Lowy, P. H., J. Biol. Chem., 215, 111 (1955). 
. Shemin, D., and Wittenberg, J., J. Biol. Chem., 192, 315 (1951). Shemin, D., and 


Kumin, S., J. Biol. Chem., 198, 827 (1952). 


. Borsook, H., Deasy, C. L., Haagen-Smit, A. J., Keighley, G., and Lowy, P. H., 


J. Biol. Chem., 184, 529 (1950). 


. Borsook, H., Deasy, C. L., Haagen-Smit, A. J., Keighley, G., and Lowy, P. H., 


J. Biol. Chem., 176, 1383 (1948). 


. Abrams, A., Lowy, P. H., and Borsook, H., J. Am. Chem. Soc., 77, 4794 (1955). 

. Dubnoff, J. W., Arch. Biochem., 17, 327 (1948). 

. Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 

. Roche, J., Derrien, Y., and Moutte, M., Bull. Soc. chim. biol., Trav. Mem., 28, 


1114 (1941). 
Schapira, G., Dreyfus, J. C., and Kruh, J., Bull. Soc. chim. biol., 33, 812 (1951). 
Kruh, J., Dreyfus, J. C., and Schapira, G., Bull. Soc. chim. biol., 35, 1181 (1953). 
Anson, M. L., and Mirsky, A. E., J. Gen. Physiol., 18, 469 (1930). 
Borsook, H., Deasy, C. L., Haagen-Smit, A. J., Keighley, G., and Lowy, P. H., 
J. Biol. Chem., 179, 689 (1949). 
Schack, J., and Clark, W. M.,./. Biol. Chem., 171, 143 (1947). 
Schroeder, W. A., Kay, L. M., and Wells, I. C., J. Biol. Chem., 187, 221 (1950). 
Tristram, G. P., in Neurath, H., and Bailey, K., The proteins, New York, 1, 180 
(1953). 


. Riggs, T. R., Christensen, H. N., and Palatine, I. M., J. Biol. Chem., 194, 53 


(1952). 

















THE INTERACTION BETWEEN ACTOMYOSIN AND 
ADENOSINE TRIPHOSPHATE. LIGHT 
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Since the early work of Dainty et al. and Szent-Gyérgyi (1, 2) on what 
was then known as myosin, the reaction of ATP! with actomyosin has been 
of great interest to students of muscle physiology and biochemistry. At 
low ionic strength ([/2 = 0.06 to 0.12) actomyosin exists as a suspension, 
and the addition of ATP causes superprecipitation or supercontraction (2), 
depending somewhat on the exact experimental conditions. At I'/2 > 0.4 
actomyosin forms a true solution, and the addition of ATP produces 
changes that can be followed by various physicochemical methods; thus 
the viscosity and double refraction of flow decrease (1, 2), and changes 
occur in the ultracentrifugal sedimentation pattern (3-5). All these 
phenomena can be, and have been, interpreted as dissociation of actomyosin 
into the constituent myosin and actin (2). 

Light scattering studies in the past have led to rather conflicting results. 
Some work, in which only the so called dissymmetry method was utilized, 
that is measurement of the intensity of the scattered light at 90° and at 
angles symmetrical about it (6, 7), seemed to support the above concept 
of dissociation, but Jordan and Oster (8) concluded that actomyosin mole- 
cules contract on addition of ATP. Blum and Morales (9), using Zimm’s 
extrapolation method (10), were led to the view, at variance with the pre- 
viously mentioned results, that ATP causes an elongation of the actomyo- 
sin molecules and leaves the molecular weight unchanged. Tonomura 
et al. (11), on the basis of measurements at 45°, 90°, and 135°, concluded 
that actomyosin was “deformed” by ATP. 

Some confusion has been introduced into this problem by the fact that 


* This investigation was supported by grants from the National Heart Institute, 
United States Public Health Service, the Muscular Dystrophy Associations of Amer- 
ica, Inc., and the Life Insurance Medical ‘Research Fund. 

+ This work was carried out during the tenure of an Established Investigatorship 
of the American Heart Association, Inc. 

1 The following abbreviations are used in this paper: ATP = adenosine triphos- 
phate, '/2 = ionic strength, n = refractive index, dn/de = refractive index incre- 
ment, \ = wave-length of light 7n vacuo, N = Avogadro’s number, M = molecular 
weight. 
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most of the light scattering work was done on preparations of the Weber- 
Edsall type (myosin B in Szent-Gyérgyi’s nomenclature), and the term 
myosin has remained in use for what actually is actomyosin (9, 12). The 
discrepancies mentioned above have been ascribed to differences in the 
method of preparation (9, 13), to differences in the method of evaluating 
the light scattering measurements (9), and to uncertainty concerning the 
identity of natural and reconstituted actomyosin? (9, 14). 

This paper describes work on both reconstituted and natural actomyo- 
sins, evaluated by Zimm’s method (10). Special precautions were taken 
to eliminate inert aggregates. The molecular weight markedly decreased 
for both materials on addition of ATP; this is consistent with dissociation 
into myosin and actin. Thus the discrepancy between the results of light 
scattering and those obtained by other methods disappears, and further 
evidence emerges for the essential identity of natural and reconstituted ac- 
tomyosin, 


EXPERIMENTAL 


Methods 


Light scattering measurements were made with a Brice-Speiser instru- 
ment (Phoenix Precision Instrument Company) (15) at a wave-length of 
4358 A, and the angular distribution of the scattered light was measured 
between 25° and 135° with respect to the direction of the direct beam. The 
absolute calibration was checked by comparing the turbidity of a Ludox’ 
sample with its transmission in a Beckman model DU spectrophotometer 
(16). Conical cells containing 40 to 50 ml. were used, the cells having 
been tested by measuring the fluorescence of fluorescein (17) at intensities 
of about 10 times that of the water scattering. The fluorescence, after 
correction of the volume viewed, did not vary by more than +2 per cent 
between 25° and 135°. For fluorescence intensity of about twice that of 
water scattering the error increased to +5 per cent. 

The actomyosin stock solution was first centrifuged for 20 minutes at 
18,000 X g to remove gross impurities. Then, actomyosin solutions of vari- 
ous concentrations were made up with the solvent, usually 0.6 m KCl and 
0.001 m MgCl, the pH adjusted to 7 to 7.5 with KHCOs, and centrifuged 
in polyethylene bottles with polyethylene caps at 15,000 r.p.m. for 2 to 3 
hours in the No. 21 rotor of the model L Spinco preparative ultracentrifuge 
(mean centrifugal force 22,620 X g). This method insures centrifugation 


2 Natural actomyosin denotes actomyosin extracted as such from ground muscle 
at T'/2 = 0.6, pH 7.5 to 8. Reconstituted actomyosin is obtained by adding purified 
F-actin to crystalline myosin. 

3 Ludox (Grasselli Chemical Department, E. I. du Pont de Nemours and Com- 
pany, Inc., Wilmington, Delaware) is a colloidal SiOz solution. It exhibits a negli- 
gibly low angular dissymmetry and depolarization of the scattered light. 
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at low viscosity, and hence removal of any large aggregates that might 
have been initially present (18). Furthermore, this procedure avoids 
aggregate formation on dilution, which occurs when the standard practice 
of stepwise addition of stock solution to the clean buffer solution is followed. 
The significance of this will be further commented upon later. 

At the end of the centrifugation the caps were unscrewed without dis- 
turbing the bottles and about half of the contents were removed with a 
siliconized pipette having a long thin tip. The samples were then trans- 
ferred to the silicone-treated light-scattering cells containing a glass-encased 
magnetic stirrer. The cells and pipettes had been rinsed with solvent solu- 
tion filtered through a Millipore filter,‘ until measurements of light scatter- 
ing indicated absence of dust particles. The light scattering measurements 
were first made on the actomyosin solution; then 1 ml. of a previously 
centrifuged 10-? m ATP solution was added while stirring with the mag- 
netic stirrer, and the measurements were repeated. Scattering of the 
solvent was determined on a centrifuged sample and subtracted from that 
of the actomyosin solution. Refractive index measurements were made 
in a Zeiss-Rayleigh type of interferometer at 23°. A value of dn/de = 0.200 
was used for all preparations. Measurements of the polarization of the 
scattered light showed that the depolarization ratio (19) was pu < 0.02, 
and no correction for anisotropy was made. 

Protein concentrations were determined in duplicate on 10 ml. aliquots 
of the diluted samples with the standard micro-Kjeldahl procedure, the 
factor 6.2 being used for converting nitrogen values to protein. Since 
aliquots could be taken only after addition of ATP, corrections were made 
for the nitrogen content of the ATP. pH was determined on a Beckman 
model G instrument with a glass electrode. 

The results were evaluated according to Zimm (10). For each con- 
centration, c (gm. per ml.), and angle, @, Kce/Re was plotted against sin? 
6/2 + ke, Re having been corrected for the corresponding value of the 
solvent. K = 2n°n?(dn/dc)*/N\Mé = 6.50 X 10-7, Re is the reduced angular 
intensity, and k is an arbitrary constant (see also foot-note 1). The values 
were extrapolated to zero angle and zero concentration by a double extra- 
polation, and an intercept on the ordinate was obtained. The extrapolated 
value of Ke/Rg is 1/M, where M is the weight average molecular weight. 
The calculation of the molecular dimensions and the determination of the 
shape are discussed under “Results.” 


Materials 


Crystalline myosin was prepared essentially according to Szent-Gyérgyi 
and was twice recrystallized. Actin impurities were removed by repeated 
3 hour centrifugations at 40,210 X g. 


‘Millipore Corporation, Watertown, Massachusetts. 
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Actin was extracted according to Feuer ect al. (20) and F-actin purified 
by sedimentation in the preparative ultracentrifuge according to Mom- 
maerts (21). F-actin was depolymerized by dialysis against an ascorbic 
acid-ATP solution (40 y per ml. of each) and repolymerized in 0.1 m KC] 
and 0.001 m MgCle, after removal by centrifugation of insoluble material. 
The procedure was repeated once more. 

Actomyosin—In most experiments reconstituted actomyosin was used, 
obtained by combining 3 to 4 parts (by protein weight) of myosin with 1 
part of actin. The actomyosin used was obtained by extraction of ground 
rabbit muscle with Weber-Edsall solution. This actomyosin was purified 
by repeated precipitation at ['/2 = 0.3; lipide material was removed by 
filtration through filter paper pulp that had been washed with 0.6 m KC] 
adjusted to pH 8. 

ATP—Crystalline Na-ATP (Pabst) was used. 


Results 


Reconstituted Actomyosin—These experiments were carried out in the 
presence of 0.001 m MgCls. The ATPase activity is practically abolished 
by this amount of MgCl, at 0.6 m KCl. Thus constant concentration of 
ATP was insured during the taking of readings at various angles. 

Figs. 1 and 2 illustrate typical Zimm plots, before and after addition 
of ATP, respectively. It will be noted that the intercept shows a marked 
increase owing to the ATP effect. The amount of ATP was so chosen as to 
assure a maximal response. While the determination of a number average 
molecular weight from light scattering measurements can be accomplished 
without knowing anything about polydispersity of the sample, the deter- 
mination of shape and size offers a more formidable problem. 

The only dimension that can be unequivocally derived from the Zimm 
plot is the root-mean-square radius [(r?),|' (Zimm and Stockmayer (22)). 
This parameter is related to the initial slope of the Ke/R» against sin® 0/2 
plot by the relation [(r).|) = +/3/4en X ~/slope/intercept. (The 
symbols are defined in foot-note 1.) The actual dimension can be deter- 
mined from [(r2,] only if it is possible to assign a shape to the molecule 
and if one is fairly certain of the monodispersity of the sample.’ In order 





5 It is impossible to say what the actual myosin-actin ratio was in the light scat- 
tering experiments, since a variable amount of actin, or actomyosin of a higher actin 
content, could have been removed in the course of the high speed centrifugation. 

6 Extraction was carried out for either 5 or 24 hours. ‘5 hour actomyosin’’ will 
refer to the former and ‘‘24 hour actomyosin”’ to the latter preparation. In every 
case actomyosin preparations were checked by the viscometric ATP reaction and 
were used for light scattering measurements only if they showed the typical decrease 
in viscosity on addition of ATP (2). 

7 The contour length of monodisperse random coils is +/6[(r?)a]! and that of stiff 


rods +/12[(r2).]?. 
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to compare curves with different initial slopes, or [(r?),]' values, Ps? was 
plotted against V = 3tg yo sin? @/2 (22), where tg 7 is the initial slope and 
Pe = Ro/Re. All the curves have then an initial slope of 1/3, and the 
experimental curves can readily be compared with the theoretical ones 
for monodisperse random coils and stiff rods. 
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Fic. 1. Zimm plot of reconstituted actomyosin in 0.6 m KCl and 10-* m MgCh, 
pH 7.0. Calculated molecular weight, 16.8 X 10°. Root-mean-square radius, 1450 
A. @, observed; O, extrapolated. The ascending sets of points are on lines of con- 
stant protein concentration, and the intersecting contour lines connect observations 
at the same angle. The series of lines of constant concentration corresponds, from 
left to right, to 0 (extrapolated), 1.26 X 10-4 gm. per ml., 2.56 X 10-4 gm. per ml., 
3.32 X 10-4 gm. per ml., and 4.59 X 10-4 gm. per ml., respectively. The lines of con- 
stant angle represent 0° (extrapolated), 25° to 60°, at 5° intervals, 70° to 130°, at 10° 
intervals, and 135°. 

Fig. 2. Zimm plot of reconstituted actomyosin, after addition of ATP, 2.5 X 10-4 
M, in 10-* m, MgCl. and 0.6 m KCl, pH 7.0. Calculated molecular weight, 6.55 X 10°. 
Root-mean-square radius, 1200 A. @, observed; O, extrapolated. The ascending 
sets of points are on lines of constant protein concentration, and the intersecting 
contour lines connect observations at the same angle. The series of lines of constant 
concentration corresponds, from left to right, to0 (extrapolated), 1.23 X 10-4 gm. per 
ml., 2.51 X 10-4 gm. per ml., 3.26 X 10-4 gm. per ml., and 4.50 X 10-4 gm. per ml., 
respectively. The lines of constant angle represent 0° (extrapolated), 25° to 60°, at 
5° intervals, 70° to 130°, at 10° intervals, and 135°. 


Fig. 3 shows that the actomyosin curve falls below that of a suspension 
of random coils. This could indicate either stiffness in the coils (23), 
polydispersity (10, 24), or both. Addition of ATP displaces the curve 
even further down. If one knew that the sample was monodisperse, the 
change could be interpreted as a shift towards a more rod-like shape, but 
an increased polydispersity would produce the same effect. In view of 
the decrease in the weight average molecular weight one may conclude 
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that actomyosin did dissociate on addition of ATP, and such a dissociation 
would naturally lead to increased polydispersity. The value of [(r?)q]' 
also decreases on addition of ATP. However, since in polydisperse sys- 
tems the initial slope is a “‘Z” average (22), that is larger molecules contrib- 
ute to a greater extent than in the case of a weight-type of average, the 
presence of shorter molecules will not be fully manifest. Under these 
circumstances it would be difficult to calculate a reliable value for the con- 
tour length of the molecule, and in what follows the discussion will be re- 
stricted to [(r2)q]’. 
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Fig. 3. Comparison of observed angular dependence of light scattering, extrapo- 
lated to c = 0, with theoretical curves for random coils and stiff rods. For definition 
of V and P see the text. O, reconstituted actomyosin; @, reconstituted actomyosin 
+ ATP; V, natural actomyosin; VW, natural actomyosin + ATP. 


Table I summarizes our results for several preparations. In every case 
there is a considerable, 2- to 6-fold, decrease in the molecular weight, with 
a smaller but consistent decrease in the root-mean-square radius. 

Natural Actomyosin—If the precautions mentioned under ‘‘ Methods” 
were observed, natural actomyosin preparations showed a decrease in 
molecular weight similar te the one observed with synthetic preparations. 
Fig. 4 represents extrapolated (K./R»)- — 9 curves for 5 and 24 hour acto- 
myosin, before and after addition of ATP. In both cases the molecular 
weight and [(r?),]' decrease on addition of ATP (Table I). Before addition 
of ATP, the reciprocal scattering curve of natural preparations also falls 
below the theoretical curves for random coils, and ATP produces a further 
downward bend, that can again be interpreted as increased polydispersity. 

It will be seen from Fig. 4 that the effect of ATP does not depend on 
specific ions; viz., there is no significant difference between observations 
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made in 0.001 m MgCl. or 0.001 m CaCle.. Owing, however, to the in- 
creased rate of ATP splitting in the presence of Ca ions, ATP soon disap- 
pears, and the scattering returns in about 15 minutes to that of the solution 


TABLE | 


Changes in Actomyosin on Addition of ATP 

















Mol. wt. X 1076 {(r2)a}4 
Preparation No. . 
Before ATP After ATP | Before ATP | After ATP 
A A 
3-30, reconstituted. 14.2 2.1 1430 1100 
5-11, ss 6.7 2.0 1150 1052 
6-16, = | 16.8 6.6 1450 1270 
6-29, st 16.8 2.3 1650 630 
7-20, 335 19.2 3.2 1600 720 
6-7, natural, 5 hrs. 10.0 2.7 1250 770 
au, “ 24 hrs f 22.5 6.4 1470 860 
7-7, ‘ 5 hrs... 7.3 2.8 996 760 
- 











i 
0.5 1.0 
e 
. 2 pa 
sin 2 
Fig. 4. (K.-/Rg)--0 versus sin*@/2 plot for natural actomyosins. 0.6 m KCl, 
pH 7.2. Other additions as follows: For 5 hour actomyosin, V, 10-? m MgCl; V, 


10-* m MgClo, 2.5 X 10-*m ATP; 0, 107? m CaCls; @, 10-* m CaCle, 2.5 X 10-4 m ATP. 
For 24 hour actomyosin, O, 107? m MgClo; @, 10-? m MgCle, 2.5 X 10-4 m ATP. 


containing no ATP, whereas in the presence of Mg ions the reading remains 
stable over a considerably longer period. 


DISCUSSION 


The results presented are consistent with dissociation of actomyosin 
into actin and myosin on reaction with ATP. No differences appear be- 
tween the behavior of reconstituted or natural actomyosin, nor is the ATP 
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effect specifically dependent on the presence of Ca or Mg ions. Thus 
there is no need to postulate essential differences between natural and re- 
constituted actomyosin, and the chief objection (9) that has been raised 
against the identity of the two types of preparations is met. Our results 
are in harmony with those obtained by other physicochemical methods, 
but appear to be at variance with the light scattering work of Blum and 
Morales (9), who conclude that the molecular weight is unchanged, but 
that the actomyosin particles elongate, on addition of ATP. They have 
pointed out (9) that, in many respects, light scattering is superior to many 
other physicochemical methods. They have also, quite correctly, called 
attention to the risks involved in the dissymmetry method, and to the 
advantages of the Zimm method, in evaluating light scattering data. 
Since, however, the present results have also been obtained by means of 
light scattering measurements, and by the use of Zimm’s method, the most 
likely explanation for the discrepancy is, perhaps, to be found in differences 
in the technique itself. Blum and Morales centrifuged the actomyosin 
stock solution and added various amounts of this solution to the solvent 
already in the light scattering cell. In centrifuging a more concentrated 
stock solution, for a shorter time and in a lower centrifugal field than that 
employed in this work, aggregates that do not react with ATP may not 
have been removed. Furthermore, under these conditions it is difficult 
to exclude the formation on dilution of denatured aggregates that do not 
react with ATP. If we assume that such aggregates, of fairly large di- 
mension, existed in their solutions, it is easy to see that at low angles very 
little or no change would occur in the intensity of the scattered light on 
addition of ATP, and this, coupled with changes at higher angles, where 
the postulated ATP-insensitive aggregates would not contribute much to 
the scattering, would lead to an apparent elongation of the molecules. 
Increased scattering at low angles may also be due to secondary scattering, 
owing to the use of the original wide slit system of the Phoenix instrument. 

A deformation of actomyosin by ATP on the basis of light scattering 
measurements has also been postulated by Tonomura et al. (11), but since 
their measurements were restricted to 45°, 90°, and 135°, their experi- 
mental data provide little justification for this suggestion. 

In the light of these results Blum’s recent work (12) on the determination 
of the kinetic constants of the actomyosin-ATP and related systems needs 
some reevaluation. His elegant mathematical treatment, which would 
be applicable to a deformable system of constant molecular weight, is no 
longer valid for the dissociable actomyosin system. However, if one makes 
certain assumptions, this system can still be subjected to kinetic and 
thermodynamic studies. One has to assume that the maximal change in 
light scattering obtained at sufficiently high concentrations of ATP, or 
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other nucleotides, represents a complete dissociation of the actomyosin 
present, and that the interaction between free myosin and actin is negli- 
gible. Thus, it is possible to calculate, from changes in light scattering, 
the extent of dissociation at nucleotide concentrations leading to sub- 
maximal responses. A detailed study of this kind, with a mathematical 
analysis of possible mechanisms, will form the subject of a forthcoming 
publication. 


SUMMARY 


Light scattering studies, analyzed according to Zimm and Peterlin, were 
carried out on natural and reconstituted actomyosin solutions. The re- 
sults are consistent with a dissociation into myosin and actin caused by 
ATP. The results have been discussed from the point of view of the iden- 
tity of natural and synthetic actomyosin and of the possibility of a quanti- 
tative analysis of nucleotide-actomyosin interactions by light scattering 
methods. 


The author wishes to acknowledge the excellent technical assistance of 
Miss Mary Gouvea, Mrs. Marilyn Graham, and Mr. Richard Finkel. 


Addendum—Further evidence for the dissociation of actomyosin under the in- 
fluence of ATP has recently been presented by Weber (25). After ultracentrifuging 
(100,000 X g) actomyosin in the presence of ATP and MgCl, in 0.6 m KCI, she was 
able to identify myosin, but not actin, in the upper half of the supernatant solution 
(20 to 30 per cent of total protein). The presence of myosin and actin was demon- 
strated in the lower half of the supernatant solution; that of actin alone, in the 
pellet. In the absence of ATP only 2 to 3 per cent of the total protein was found in 
the upper half of the supernatant solution. 
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Purine, the unsubstituted parent ring system from which all purines are 
derived, has been a laboratory curiosity since the turn of the century, when 
it was prepared by Fischer (2) and totally synthesized by Isay (3). Re- 
cently, a derivative of purine, nebularine or 9-6-p-ribofuranosylpurine, has 
been found in the mushroom Agaricus (Clitocybe) nebularis, Batsch (4, 5). 
The structure of this compound was established by the degradation experi- 
ments of the Scandinavian workers (5), and, in this laboratory, by synthe- 
sis of the compound and correlation of its structure with that of adenosine 
(6). 

Purine riboside has been found to have profound biological activity in 
many systems; the compound was first detected by means of its activity 
against Mycobacteria (4). In tissue culture it is the most toxic riboside of 
any purine yet reported (4, 5, 7) and also evidences a differential toxicity 
in vitro toward sarcoma 180 cells, mouse embryonic fibroblasts, and epi- 
thelial cells (7). Purine riboside is also very toxic to mice and rats, al- 
though purine itself is relatively non-toxic at 25 times the lethal dosage of 
its riboside! (8, 6, 9). This is in contrast to the behavior of other purines 
(such as 2,6-diaminopurine (10)), with which it has been found that the 
nucleoside is usually less toxic than the parent purine. Except for the 
early work of Krebs and Orstrém, who established that purine was oxidized 
by xanthine oxidase (11), no biochemical studies of purine or its riboside 
have been carried out. 

Since purine nucleosides with an unsubstituted 6 position have not been 
previously investigated, it was of interest to determine whether or not trans- 
formations could occur in vivo at position 6 of purine riboside. The un- 
usually potent biological activity of this material and its occurrence in na- 
ture also prompt a study of its metabolism in an attempt to gain insight 
into its mode of action, since such information could be of value in design- 
ing antimetabolites of more selective activity. 


*This investigation was supported in part by funds from the National Cancer 
Institute, National Institutes of Health, Public Health Service (grant No. C-471), 
and from the Atomic Energy Commission (contract No. AT(30-1)-910). 

Preliminary reports of this investigation have previously appeared (1). 

t Postdoctoral Fellow of the National Cancer Institute of the Public Health Serv- 
ice. 

1 Philips, F. §., and Clarke, D. A., personal communication. 
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EXPERIMENTAL 


Synthesis of 9-8-p-Ribofuranosylpurine-8-C'—A sample’ of hypoxanthine- 
8-C™ was converted to 6-chloropurine-8-C“ by Dr. A. Bendich and Mr, 
P. J. Russell, Jr., and hydrogenated to purine-8-C™ (12), which was then 
converted to purine riboside by a modification of the previously published 
method (6). The product was characterized by its melting point and ultra- 
violet absorption spectrum. Descending paper chromatography in n- 
butanol saturated with H.O (Rr = 0.29), followed by radioautography, 
revealed only one radioactive component. 

Radioactivity Measurements—Unless otherwise noted, triplicate measure- 
ments of radioactivities were determined on infinitely thin samples sup- 
ported on 10 sq. cm. aluminum planchets. An internal Geiger-Miiller flow 
counter (Radiation Counter Laboratories, Inc., mark 12, model No. 1, he- 
lium-isobutane gas) was used. The standard error was 5 per cent or less 
(13). 

Administration of Labeled Compound—lIn the first experiment, an aqueous 
solution of purine riboside-8-C™ (1.09 mg., 1.92 10° c.p.m. in 0.94 ml. of 
H.O) was injected intraperitoneally into a 236 gm. male, Sherman strain 
rat under light ether anesthesia. The animal was placed in a metabolism 
cage (14) with provision for the collection of respiratory carbon dioxide, 
urine, and feces. After 24 hours, the animal was sacrificed by ether admin- 
istration, and the small intestine, spleen, kidney, testes, liver, and brain 
were pooled, as were the muscles of the legs, back, abdomen, and neck. 
In the second experiment, five male rats each received 0.87 mg. of purine 
riboside-8-C™ containing 4.9 X 10° c.p.m., and the urines, but not the ex- 
pired carbon dioxide, were collected. After 4 hours, the individual organs 
were removed under ether anesthesia and pooled separately. After excision 
the tissues were frozen immediately on dry ice. 

Respiratory Carbon Dioxide—A total of 0.30 mole of carbon dioxide was 
collected during the 24 hour period. This material was converted to 
barium carbonate, which was found to have less than 0.02 disintegration per 
minute per micromole in a gas-filled counting tube.’ This value corre- 
sponds to about 0.01 ¢.p.m. per umole in the internal flow counter; thus, not 
over 0.1 per cent of the radioactivity of the administered compound ap- 
peared in the respiratory CO». 

Feces—The dried feces were counted in infinitely thick layers and cor- 


rected for self-absorption (15). A total activity of 9000 ¢.p.m. was ob- 


tained, which could have originated from contamination with urine. 


Urinary Components—The collection of the urine during the first experi- 


2 Obtained from the Southern Research Institute, Birmingham, Alabama. 
3 We wish to thank Dr. M. L. Eidinoff for this determination. 
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ment was as quantitative as was feasible; about 80 per cent of the total 
amount was obtained. The urine sample contained a total of 446 mg. of 
urea. The urea was isolated as the dixanthydrol derivative (16) and was 
crystallized from glacial acetic acid three times. 


Cx7H2oN203. Calculated, N 6.66; found, N 6.99 


Planchets were prepared from a methanolic suspension, and the observed 
activities were corrected for self-absorption (15). A second sample of di- 
xanthydrol urea was prepared from the supernatant liquid remaining after 
the precipitation of the mercury salt of allantoin. The sample (found, N 


6.71 per cent) was purified as above. The results from each sample are 
recorded in Table I. 

















TABLE I 
Urinary Components* 
Products isolated RSAt ~~ go a 
c.p.m. per pmole mg. c.p.m. 

EEE ee ner eegt a ere 2 540,000 
Dixanthydrol urea l.......... 0.32 0.00007 446 2,400 
o Me Boson cenuee 0.25 0.00006 446 1,900 
REEL Asses Sacre hanes 1660 0.38 51.6 540,000 





* In Experiment 1, 1.09 mg. of purine riboside, containing 1.92 X 10° c.p.m., were 
injected. The urine was collected for a 24 hour period. 


} Relative specific activity = (c.p.m. per wmole of isolated compound)/(c.p.m. 
per umole of injected compound) X 100. 


A 40 mg. sample of allantoin-N" containing 0.509 atom per cent excess 
N* was added to a sample comprising one-half of the urine, and allantoin 
was isolated as previously described (16). 


CyHeN.O3. Calculated, N 35.44; found, N 35.70 


The reisolated material contained 0.309 atom per cent excess N. The 
N? values were determined on a Consolidated-Nier mass spectrometer, 
model No. 21-201. 

Chromatogram of Urinary Components—In order to check for the presence 
in the urine of other possible radioactive metabolites of purine riboside, a 
two-dimensional descending paper chromatography system was developed 
for the separation of purine, purine riboside, allantoin, urea, and uric acid. 
The Ry values of these compounds in the solvents employed are listed in 
Table II. The purine components were visible under ultraviolet light. 
The urea and allantoin were located by spraying the paper with a phenol- 
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sodium hypochlorite reagent (17). Allantoin was the only urinary com- 
ponent that had sufficient radioactivity to be detected by radioautography 
of the chromatograms. 

Soluble Compounds from Tissues—The soluble components of the tissues 
were extracted with cold perchloric acid (18). In preliminary experiments, 
aliquots of the neutralized acid extract of the combined internal organs 
were concentrated to dryness in vacuo, and the residue was hydrolyzed 











TaBLeE II 
Rr Values in Two-Dimensional Chromatography Systems for Urine 
Compound | Solvent 1* Solvent 2+ 
PU is ck batsins } Pslea sos Cua anew raagnws | 0.73 | 0.51 
I las cistern sucker eax taaesen | 0.75 0.29 
ie Gina chicas vein eemieenenienat 0.65 0.09 
. SRASEE SS tiene eae 0.64 | 0.26 
Sa Sone Once rhe a Wee rated tne 0.44 0.08 





* 1 part dimethylformamide, 1 part n-butanol, and 1 part water. 
¢ n-Butanol saturated with 4 per cent aqueous boric acid. The paper employed 
was Whatman No. 1. 











TaBLeE III 
Activity of Bases from Acid-Soluble Fraction, Experiment 1 
Compound 
‘ —_ c.p.m. per pmole 
RR el Re eh Ao Ae ie plakt bak bub anaes iaviors 325* 
REESE SSS Ec ae Sen ee ee Te ant eee ee? 380* 


ee TESS Ad, Nate Mee AUG nition pres SORE ERA 8400t 





* The standard error was +10 per cent. 

7 12.9 wmoles of carrier added to the perchloric acid hydrolysate of a sample con- 
taining 140,000 c.p.m. This sample represented the isolation of 76 per cent of the 
total radioactivity of the acid-soluble fraction. 


with 72 per cent perchloric acid at 100° for 1 hour (19). Carrier purine 
was added, and the purines and pyrimidines were then separated on Dowex 
1 (OH- phase) according to the procedure of Roll and Weliky (20). In 
this procedure purine proved to be admixed with the adenine peak. These 
two compounds were separated by absorption at pH 2 on Dowex 50 (H* 
phase), followed by elution of the purine with 0.5 n hydrochloric acid and 
of the adenine with 2.0 n hydrochloric acid. The solutions of the bases 
were repeatedly concentrated in vacuo to remove acid. The concentrations 
were determined spectrophotometrically, and their radioactivities were 
measured. The results obtained are given in Table III. Alternatively, 
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the adenine and purine could be separated by descending paper chroma- 
tography, with Rr values of 0.34 and 0.60, by the n-butanol, formic acid, 
water system of Markham and Smith (21). When this solvent system was 
used, it was necessary to pass the mixture through a short column packed 
with Dowex 1 (formate form) since very poor resolution was obtained in 
the presence of chloride ions. The adenine and purine values in Table IV 
were confirmed by this method. 

Chromatography of Soluble Nucleotides—The acid-soluble fraction from 
the livers of the animals in Experiment 2 contained the greatest amount 
of radioactivity and was chromatographed according to the procedure of 
Hurlbert, Schmitz, Brumm, and Potter (18). An 84 ml. sample, contain- 
ing 110,000 ¢.p.m. and 2500 optical density units,‘ of the soluble nucleo- 
tides from liver was used, with a recovery of over 90,000 counts, as shown 











TaBLe IV 

Activity of Nucleic Acid Bases, Experiment 1 
se 5 —_— 

Compound } [Relative specific activity 

‘as —_ *, x “Toe CLE | c.p.m. per pmole | 

Adenine......... a ye Pee oe 102 0.023 
aoa O01. Sis ein rota eee | 75 | 0.017 
Cytosine....... <1 | 
Uracil. .... cate Sgn eee <1 
Thymine...... Sy Ret 5 a eee <1 
ND 6 6 55554 50.0 3's ETE ee ie, <1 





* About 0.5 umole of carrier purine was added. 


in Fig. 1. The water wash contained about 5000 c.p.m. total radioactivity, 
which could have been purine or purine riboside, since neither had been 
found to be retained by this type of column. Optical density peaks were 
pooled separately, as were regions containing little ultraviolet-absorbing 
material. The identities of the materials comprising the ultraviolet-ab- 
sorbing peaks were not established. Aliquots of each of the pooled frac- 
tions were then assayed for radioactivity; however, it should be stressed 
that in this procedure coincidence of radioactivity with optical density 
peaks is not necessarily significant. The results are presented in Fig. 1 
and in Table V. 

Analysis of Radioactive Fractions for Purine—An aliquot of each of the 
highly radioactive fractions was hydrolyzed with perchloric acid as above; 
12 umoles of carrier purine were added, the purine was reisolated by paper 
chromatography, and its radioactivity was determined (Table V). Sam- 
ples of adenine and guanine were also isolated from these fractions and 


4 Optical density units equal the optical density at 260 my times the volume in ml. 
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measured whenever possible. Small amounts of both adenine and guanine 
were isolated from the fraction comprising tubes 372 to 395. Neither 
adenine nor guanine was responsible for appreciable amounts of the radio- 
activity in any fraction. 
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Fig. 1. Chromatography of liver acid-soluble fraction on Dowex 1 (formate form). 
A 20 X 1 em. column was used. The solid lines represent the optical densities at 
260 my, and the dotted lines the total amount of radioactivity in the pooled fractions. 


Nucleic Acids—The nucleic acids were obtained (20) from the defatted 
internal organs of the animals from Experiment 1. The constituent bases 
and added carrier purine were separated as described above, and the results 
are given in Table IV. The nucleic acids isolated from the animals used 
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in the second experiment were also radioactive, but they were not further 
investigated. 


TABLE V 
Activities of Major Radioactive Fractions from Soluble 
Nucleotides of Liver, Experiment 2 

















Fraction No.* Total radioactivity Per cent a recovered 
ey, c.p.m. v? 

Water wash 5,000 

7-23 2,000 0 
27-39 | 21,500 18 
171-186 35,000 37 
372-395 | 22,000 14 

* See Fig. 1. 


+ Minimal values; see the text. 


DISCUSSION 

It has been found that purine riboside is decomposed by aqueous alkali 
with the loss of carbon atom 8.5 Purine can be recovered in 90 to 95 per 
cent yield, after treatment of purine or purine riboside with 72 per cent 
perchloric acid for 1 hour at 100°, although under certain acidic conditions 
there can be some loss of carbon 8. Therefore, in the present experiment 
the possibility that the carbon atom 8 might be metabolically labile needed 
to be considered. 

The respiratory carbon dioxide, urea, and thymine, which were isolated 
in this experiment, contained little or no detectable radioactivity. The 
values obtained for dixanthydrol urea isolated from the urine either before 
or after isolation of allantoin are probably a reflection of trace contamina- 
tion by the latter compound, as has been previously observed (22). The 
values (Table I) in either case are so small as to be negligible. Within 
experimental error, all of the radioactivity in the urine could be accounted 
for in the allantoin, and two-dimensional paper chromatography followed 
by radioautography confirmed this finding. There is no indication of a 
loss of a carbon atom 8 as CO, or directly as urea during the metabolism 
of purine riboside. 

The alkaline lability of purine riboside precluded the use of the Schmidt- 
Thannhauser procedure (23) for the separation of the nucleic acids, since 
any incorporation of unchanged purine would have been undetected follow- 
ing the use of alkali; accordingly, the purines and pyrimidines were isolated 
from the mixed nucleic acids by acid hydrolysis. The results (Table IV) 


5 Gordon, M. P., Weliky, V.S., and Brown, G. B., in preparation. 
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demonstrate that purine riboside served as a precursor of adenine and gua- 
nine of the polynucleotides, and there was no indication of the incorporation 
of unchanged purine. 

An extremely small dose of purine riboside (0.018 mmole per kilo of body 
weight) was necessitated in these experiments because of the great toxicity 
of this nucleoside. Despite the unavoidably low specific activities ob- 
tained, purine riboside is a relatively effective precursor. The relative spe- 
cific activities of the polynucleotide adenine and guanine in this experiment 
were about one-tenth and one-fourth, respectively, those of the purines 
when about twice the molar dosage of adenine was administered (24). Ino- 
sine, at higher levels of administration, likewise results in a renewal of 
polynucleotide purines about one-tenth of that found from a comparable 
dose of adenine (25). It may thus be estimated that purine riboside is 
utilized to the same order of magnitude as is inosine. In contrast to stud- 
ies with ribosides of other purines, including inosine (25), the adenine and 
guanine were almost equally labeled when purine riboside was administered, 
which is more analogous to the results obtained with hypoxanthine in the 
mouse, hamster, and rat (26, 27). 

Studies with adenine, inosine, and adenosine have demonstrated the 
existence of processes capable of introducing various groups into the un- 
substituted position 2 of a purine or a purine riboside (28). That there 
are also metabolic processes capable of introducing groupings into the un- 
substituted position 6 of purine riboside is evident from the conversion of 
the purine moiety of the riboside to both the adenine and guanine of the 
soluble nucleotides and of the nucleic acids. The oxidation of purine by 
xanthine oxidase has been known for many years (11), and the extensive 
oxidation to allantoin in vivo could have thus occurred via purine. 

Conversions of guanine to adenine have also demonstrated (28) that a 
functional group in position 2 may be replaced by a hydrogen. It is pos- 
sible that the reversal of substitution in position 6 may also occur, and that 
the naturally occurring purine riboside may originate through such trans- 
formations. 

During Experiment 1 it was found that a large amount of unchanged 
purine moiety was present in the acid-soluble fraction from the viscera. 
In an effort to ascertain the nature of the purine derivative present, Ex- 
periment 2 was performed in which the animals were sacrificed after a much 
shorter period of time in an effort to obtain a larger amount of the com- 
pounds of purine in the acid-soluble fractions. Chromatography of the 
soluble nucleotides from the liver and assay of each fraction revealed the 
presence of three major areas of radioactivity (Fig. 1). These are found 


6 At this dosage level some pleural edema, characteristic of the toxicity of purine 
riboside, was noted. 
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in the general regions in which the monophosphates, diphosphates, and 
triphosphates, respectively, are eluted (18). 

The fractions comprising each of these peaks of radioactivity contained 
radioactive purine (Table V). The recovery of radioactivity was poor 
when aliquots of each of these peaks were hydrolyzed with perchloric acid 
and carrier purine was added (Table V). No significant portion of the 
radioactivity could be accounted for as adenine and guanine. The poor 
recovery of the radioactivity could be due to exchange reactions of the 
purine with the formic acid and ammonium formate during concentration 
of solutions prior to hydrolysis, to some destruction of radioactive purine 
during perchloric acid hydrolysis, or the presence of other undetected ra- 
dioactive metabolites. In the 24 hour experiment, when no attempt was 
made to separate the components of the acid-soluble fraction of the com- 
bined organs, 76 per cent of the radioactivity present was accounted for as 
purine after hydrolysis (Table III). In the 4 hour experiment the liver 
contained 75 per cent of the soluble radioactivity of the organs, with in- 
testine containing 19, spleen 4, kidney 0.9, testes 0.7, and brain 0.3 per 
cent. In view of these facts the low recoveries of radioactivities as purine 
from the individual nucleotide peaks in the second experiment (Table V) 
must be attributed to procedural losses. 

From the positions of their appearance in the chromatographic pattern 
it can be postulated that the radioactive peaks represent, respectively, the 
mono-, di-, and triphosphates of purine riboside. Assuming that all of the 
radioactivity of these peaks is due to purine riboside derivatives, the amount 
of radioactive material present in any one peak would be too small (a total 
of about 30 to 70 y) to be isolated and characterized directly; accordingly, 
attempts to identify them through comparisons with synthetic materials 
are under way. 

The metabolic behavior of purine riboside is similar in many ways to 
that of 2,6-diaminopurine. The latter compound also serves as a precur- 
sor of polynucleotide adenine and guanine of the rat (29) but is not incor- 
porated per se. There is evidence for the formation of a 2 ,6-diaminopurine 
riboside phosphate in the soluble nucleotides of the mouse (30), and it is 
postulated that the inhibitory action of 2 ,6-diaminopurine in Lactobacillus 
casei is due to the formation of an analogue of a normal metabolite (31). 

Since no unchanged purine was detected in the nucleic acids, theories of 
the mode of action of purine ribofuranoside in the rat need not necessarily 
invoke the formation of “unnatural” nucleic acids. The formation of in- 
hibitory analogues of normal nucleoside phosphates, or coenzymes, might 
be the factor responsible for the observed toxicity of purine riboside in vivo, 
or to tissues in culture. The observation that the action of purine riboside 
on tissues in culture is most effectively reversed by derivatives of adenosine- 
5’-phosphate (7) tends to support this postulate. 
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SUMMARY 


Some aspects of the metabolism of 9-8-p-ribofuranosylpurine-8-C" in rats 
have been studied. 

The purine moiety of this compound is not oxidized to carbon dioxide 
to any appreciable extent. A portion is converted to nucleic acid adenine 
and guanine, and it is extensively catabolized to urinary allantoin. 

At least three nucleotides containing purine can be detected in the soluble 
nucleotide fraction from the liver. 


The authors wish to thank Mrs. Orsalia Intrieri and Mr. Bernard Nidus 
for technical assistance and Miss Eva Simmel for preparing the radioauto- 
grams. 
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THE CHROMATOGRAPHY OF GROWTH HORMONE 
ON CELLULOSE DERIVATIVES* 
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Berkeley, California) 


(Received for publication, August 1, 1955) 


In this paper a report is made of the chromatographic behavior of 
growth hormone on columns of carboxymethylcellulose and diethylamino- 
ethylcellulose. 

Ion exchange chromatography on the synthetic resin, Amberlite IRC-50, 
has been utilized to purify and to assess the homogeneity of a number of 
proteins. This resin has been used in chromatographic studies on cyto- 
chrome c (1), ribonuclease (2), lysozyme (3), chymotrypsin a (4), and 
sheep fetal CO hemoglobin and bovine hemoglobin (5). Recently, certain 
derivatives of cellulose possessing ion exchange groups have also been 
studied with regard to the fractionation of proteins. Peterson and Sober 
have published reports on the use of columns of carboxymethylcellulose 
and diethylaminoethylcellulose in the fractionation of plasma proteins 
(6, 7) and of enzymes (8). Although the details of the preparation of the 
adsorbents which they used (9) have become available since the present 
study was completed, a brief description of the preparation of cellulose 
derivatives is included in this paper. This is desirable, since differences 
exist in the conditions of preparation such as concentration, temperature, 
and reaction time, which may affect the adsorption properties of the re- 
sulting cellulose derivatives. 


Methods 


The growth hormone used in these studies was prepared by either the 
method of Li and Pedersen (10) or Ellis et al. (11). Hormonal activity was 
assayed in immature female rats hypophysectomized when 26 days old and 
used 14 days postoperatively. Growth-promoting potency was determined 
by measurement of the width of the uncalcified portion of the proximal 
epiphyseal cartilage of the tibia after 4 days of hormone injection (12). 
The presence of trace amounts of thyrotropic (TSH) and interstitial cell- 
stimulating (ICSH) hormones was determined by histological examina- 
tion of the respective target organs. 

* Aided by grants (No. A-366 and No. A-661) from the United States Public Health 
Service. 

t Present address, Department of Biochemistry, Emory University, Emory, 
Georgia. 
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Preparation of Carboxymethylcellulose—Carboxymethylcellulose! was pre- 
pared by reaction of monochloroacetic acid with a suspension of cellulose 
in concentrated alkali, essentially as described by Hoffpauir and Guthrie 
for cotton fabric (13). The extent of substitution of the cellulose with 
the carboxymethyl group was controlled by the concentration of mono- 
chloroacetic acid in the reaction mixture. 5 gm. of Whatman standard 
grade ashless cellulose were suspended in 20 ml. of the monochloroacetic 
acid solutions of varying concentrations for 1 hour, after which 60 ml. of 10 
N NaOH were added. The reaction was allowed to continue at 20° for 4 
hours, with occasional stirring of the suspension. The reaction mixture 
was acidified by pouring it into enough 1 to 2 N HCl to give a pH of 1 to 2, 
and then washed with 0.1 n HCl, followed by water until the filtrate was 
acid-free. The product was then washed with alcohol and ether, and air- 


TABLE I 
Effect of Monochloroacetic Acid Concentration on Substitution of Cellulose 











Molarity of seanntiinasates aot added to reaction Acidic groups per gm. CM-cellulose 
m.eq. 
0.5 0.10 
1.2 0.20 
2.1 0.38 
3.2 0.55 
4.2 0.72 





dried. By suitably increasing the proportions of required reagents, 100 
gm. of cellulose can be processed conveniently on a laboratory scale. 

The effect of varying the concentration of monochloroacetic acid on the 
extent of substitution is presented in Table I. The milliequivalent of 
acidic groups per gm. of CM-cellulose was determined by treating 1 gm. 
of CM-cellulose with 50 ml. of 1 m NaCl for 20 hours at 20° and then ti- 
trating the suspension with standard alkali, by using a glass electrode. By 
selecting a suitable strength of monochloroacetic acid, a CM-cellulose of 
the desired degree of substitution can be prepared. The pK’ of the acidic 
groups was 3.5 as estimated from the titration curve. 

Preparation of Diethylaminoethylcellulose—To 100 gm. of Whatman 
cellulose powder (standard grade, ashless) 1 liter of 25 per cent sodium 
hydroxide was added and the mixture permitted to stand for 1 hour at 
20°. The excess sodium hydroxide was removed by filtration and the 
moist cellulose cake suspended in 500 ml. of water. A solution of 2- 
chloro-N , N-diethylaminoethyl hydrochloride (100 gm. per 250 ml. of 


! Abbreviated as CM-cellulose. 
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water) was added with vigorous stirring. The mixture stood for 18 hours 
at 20°, and the excess solution was removed by filtration. The aqueous 
suspension of the diethylaminoethylcellulose? was poured into a dilute 
solution of hydrochloric acid, the final pH being 1 to 2. The cellulose 
derivative was washed with water until free of acid, next by alcohol and 
ether, and then air-dried. The basic form of DEAE-cellulose was equili- 
brated with 1 m NaCl for 20 hours at 20° and titrated with standard acid, 
a glass electrode being used. The titration curve showed substitution to 
the extent of 0.45 m.eq. of basic groups per gm. and a pK’ of 9.4. 

CM-cellulose and DEAE-cellulose have a remarkably high capacity for 
adsorption of protein. The adsorption capacity of CM-cellulose for 
growth hormone in 0.03 m NaOAc-HOAc buffer of pH 5 to 5.2 (0.03 ionic 
strength) was approximately 130 mg. per gm. of CM-cellulose. DEAE- 
cellulose adsorbed approximately 100 mg. of growth hormone per gm. of 
DEAE-cellulose in 0.0052 m Na2B,O7-0.0044 m HCl buffer of pH 8.7 (0.02 
ionic strength). In comparison, mercerized cellulose adsorbed only a 
small fraction of the above quantities of growth hormone from the same 
buffers. 

Chromatographic columns were prepared by suspending the cellulose 
derivative in the desired buffer, and the pH was readjusted, if necessary, 
to that of the buffer by addition of either acid or alkali. The cellulose 
derivative was then washed several times with fresh buffer on a Biichner 
funnel. It was important not to entrain air in the filter cake, as this re- 
sulted in the columns having flow rates which were impractically slow. 
A slurry of the cellulose derivative, free of air bubbles, was poured into a 
chromatographic tube which had been plugged at the lower end with glass 
wool. The adsorbents were packed with enough air pressure to give a 
final flow rate of 2.5 to 3.5 ml. per hour per square cm. of cross-sectional 
area when the column was completely assembled with the mixer and the 
reservoir. 

In this study, elution of proteins was effected by an eluent of constantly 
changing pH or ionic strength. For this purpose a mixing flask of either 
125 or 250 ml. capacity, equipped with a magnetic stirrer, was connected 
to the top of the column by means of a glass tube protruding from the side 
of the base of the flask. A separatory funnel was attached to the top of 
the mixing flask. Buffer solution was placed in the mixing flask and the 
appropriate solution for producing either a salt or pH gradient in the 
separatory funnel. In order to obtain a proper gradient, the air space 
above the buffer solution in the mixing flask was kept ata minimum. Since 
the system was air-tight, every volume of solution which left the mixing 
flask was replaced by an equal volume of fluid from the separatory funnel. 


? Abbreviated as DEAE-cellulose. 








942 CHROMATOGRAPHY OF GROWTH HORMONE 


and the volume of solution in the mixing flask remained constant. Under 
conditions of constant volume, the plot of salt molarity against the effluent 
volume was convex upward. 

To minimize the possible denaturation of protein, all chromatographic 
procedures were conducted in a cold room at 4°. The protein content of 
the effluent fractions was measured by ultraviolet absorption at 278 my, 
while the total protein recovered from the columns was measured both by 
ultraviolet absorption and by micro-Kjeldahl nitrogen analyses. 


Results 


Chromatography of Purified Growth Hormone on CM-Cellulose—In order 
to determine the extent of adsorption of growth hormone under different 
conditions of pH and of ionic strength, adsorption experiments were carried 
out by the batch technique, the protein concentration and quantity of CM- 
cellulose being kept constant. The effect of pH at a constant ionic strength 
of 0.1 was studied in buffers’ ranging from pH 5.0 to 8.65. At pH 5.0, 
the quantity of protein adsorbed was found to be maximal, and as the pH 
increased to 7.5, the adsorption declined steeply; between pH 7.5 and 8.65, 
the amount of protein adsorbed was small and constant. The effect of 
varying ionic strength on the adsorption of growth hormone was studied at 
a constant pH of 5.5 in 0.03 m NaOAc-0.0053 m HOAc buffer. Higher ionic 
strengths were obtained by addition of the required quantities of NaCl. 
The adsorption was maximal at 0.03 ionic strength, decreased sharply as 
the ionic strength increased to 0.5, and remained nearly constant between 
0.5 and 1.0. Elution of the adsorbed protein could be obtained by raising 
either the pH or the ionic strength. 

Within the region of maximal adsorption, the choice of pH and ionic 
strength for the chromatography of growth hormone was determined by 
the solubility of the protein. Below pH 5, the solubility of growth hormone 
decreases with increasing salt concentration (11), thus prohibiting the use 
of salt gradients. Above pH 6, the hormone is sparingly soluble in buffers 
of low ionic strength (0.03 to 0.2) and, therefore, impractically small 
quantities could be applied to the column. In view of these considera- 
tions, the growth hormone was adsorbed onto the columns from acetate 
buffers of pH 5.0 to 5.5 and 0.03 ionic strength, and then was eluted with 
a salt gradient at this pH. 

For the chromatography of growth hormone, 1.7 X 21 cm. columns of 
CM-cellulose were used containing 0.5 m.eq. of acidic groups per gm. and 
buffered with 0.03 m NaOAc-0.01 m HOAc at pH 5.2. In representative 


3 pH 5.0, 0.1 m NaOAc-0.048 m HOAc; pH 5.5, 0.1 m NaOAc-0.015 m HOAc; pH 6.5, 
0.021 m NasHPO,-0.037 m NaH:PO,; pH 7.5, 0.030 m NasHPO,-0.005 m NaH2PO,; pH 
8.65, 0.026 m Na2B,O0;7-0.022 m HCl; pH 9.6, 0.026 m Na2B,O;-0.022 m NaOH. 
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experiments, 31 mg. of an electrophoretically homogeneous growth hormone 
preparation (10) were dissolved in 2 ml. of the buffer and applied to the 
column. No protein could be eluted by subsequent passage through the 
column of 10 retention volumes of the buffer. A gradient of increasing 
NaCl concentration was then applied to the column with 145 ml. of the 
NaOdAc buffer, pH 5.2, in the mixing flask and in the reservoir, a solution 
of either 0.6 or 1 M NaCl in NaOAc buffer, pH 5.2. The adsorbed protein 
was eluted as presented in Fig. 1. The elution of protein began at 0.25 
mM NaCl and was complete by 0.6 m NaCl. On the basis of the elution 
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Fic. 1. Salt gradient elution of purified growth hormone from a CM-cellulose 
column (1.7 X 21 cm.) in 0.03 m acetate buffer, pH 5.0, 0.03 ionic strength. The 1 
m NaCl gradient was started at the tube number indicated, and 3.3 ml. of effluent 
were collected per tube. Flow rate, 0.3 ml. per minute. 


pattern, the contents of the tubes were pooled into three fractions as indi- 
cated in Fig. 1. The recovery of Fractions 1, 2, and 3 was 7, 67, and 21 
per cent, respectively, of the applied sample. In these experiments, the 
total recovery, as measured both by ultraviolet absorption and by nitrogen 
determinations, ranged from 90 to 95 per cent. The 5 to 10 per cent of 
protein still remaining on the column could be recovered by elution with 
0.05 m Na2COs. 

The bioassay of Fractions 1, 2, and 3 is presented in Table II. Fraction 
2 was potent in growth activity, whereas Fractions 1 and 3 indicated no 
evidence of growth activity at comparable dose levels. The TSH and 
ICSH present were concentrated chiefly in Fraction 1; however, traces of 
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TSH remained in Fraction 2. When the column was doubled in length, 
TSH could not be detected in Fraction 2 at 1 mg. dose levels. Fraction 2, 
which contained the growth hormone, was rechromatographed under the 
same conditions as used originally. The elution pattern showed a single 
peak (representing a yield of 90 per cent), with considerably less tailing 
than present in the original chromatogram in Fig. 1. 


TABLE II 
Bioassay of Growth Hormone Fractions 





! | | . . . 
j | Growth Contamination 





Column and preparation | Fraction No. | Total dose “a . a 
jcartilage width*) TSH ICSH 
7 “ 
CM-cellulose: purified | 1 25 | 190 [oe - 
growth hormone 100 180 | + + 
2 so. | 267 — _ 
} 200 | | _ | _- 
500 | + - 
3 | 80 | 199 = - 
200 | - | - 
| 500 | } —- | = 
| Uninjected 0 187 
| control 
CM-cellulose: crude 1 so | 20 | = - 
growth hormone 500 | ee 7 
2 100 | 171 - _ 
500 178 - - 
Uninjected 0 142 
control 
DEAE-cellulose: puri- Starting prep- 50 219 } —- | = 
fied growth hormone | aration 
1 | 50 223 } —- | = 
2 | 650 18 | -—- | - 
Uninjected | oO | 160 
control 


* Fight rats per group; the standard error varied from +4 to +8. 

Other preparations of purified growth hormone (11), known to be free 
of ICSH and TSH at a total dose of 2 to 4 mg., have also been subjected to 
chromatography. The elution pattern of these preparations did not show 
the small peak as in Fig. 1, and the tailing of the large peak was markedly 
decreased. The absence of the small leading peak consisting of TSH and 
ICSH and also the symmetry of the growth hormone peak were therefore 
correlated with increased biological purity of the growth hormone prepara- 
tions. However, the resolving power of the CM-cellulose columns does 
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not appear to be particularly high under the conditions employed here, 
since the inactive tailing portion of the peak in Fig. 1 consisted of unre- 
solved inert protein, as revealed by bioassay. 

The type of salt gradient introduced into the column has an effect on 
the resolution. The gradient described above was obtained by main- 
taining a constant volume of solution in the mixing flask. The curve ob- 
tained by plotting salt molarity against effluent volume was convex up- 
ward (14, 15). By reducing the flow rate from the reservoir to one-half 
that from the mixing flask, so that the volume of solution in the mixer 
continually decreased, a gradient resulted which was concave upward. 
The same preparation of growth hormone, which with the convex gra- 
dient showed resolution into several components (Fig. 1), gave only a 
single symmetrical peak when obtained by the concave gradient. 

Chromatography of Partially Purified Growth Hormone on CM-Cellulose— 
Partially purified growth hormone obtained after two 1.5 m NaCl precipi- 
tations at pH 4, as described in a previous report (11), was chromatographed 
on CM-cellulose (0.5 m.eq. of acidic groups per gm.). Initially this prep- 
aration had two electrophoretic components in nearly equal amounts at 
pH 9.6 in 0.03 m NaOH-0.077 m glycine buffer, while in 0.03 m NaOAc- 
0.145 m HOAc buffer of pH 4 only a single component was present. Fur- 
ther purification of this preparation was accomplished by means of a CM- 
cellulose column prepared at pH 5.0 with 0.03 m NaOAc-0.016 m HOAc 
buffer. After applying a 40 mg. sample in 2 ml. of buffer to a 1.8 K 22 cm. 
column, 7 retention volumes of the buffer were passed through the column 
without elution of any protein. The application of a 1 m NaCl gradient, 
as described above, resulted in the elution of a single symmetrical peak, 
Fraction 1 (Table II). A second protein fraction was obtained by elution 
with a solution containing 0.1 m NasCO; and 0.2 m NaCl. Fractions 1 
and 2 constituted 48 and 36 per cent of the applied protein judged by 
ultraviolet adsorption. The bioassay for these fractions is presented in 
Table II. The growth activity was concentrated in Fraction 1 with only 
a negligible amount in Fraction 2. Electrophoresis of Fraction 1 in the 
glycine buffer, pH 9.6, and the acetate buffer, pH 4.0, yielded one sym- 
metrical component whose mobility corresponded to that of highly puri- 
fied growth hormone prepared by other methods. 

Chromatography of Purified Growth Hormone on DEAE-Cellulose—The 
adsorption of growth hormone was studied by the batch technique with 
constant protein concentration and constant quantity of DEAE-cellulose 
(0.45 m.eq. of basic groups per gm.). Adsorption was studied in buffers* 
of pH 6.5 to 9.6 at 0.1 ionic strength and was found maximal at pH 8.5 
to 8.7. Over 90 per cent of the adsorbed protein could be eluted by re- 
suspending the DEAE-cellulose in buffers, pH 8.5, of 0.4 or greater ionic 
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strength. Elution could be achieved to a similar extent by buffers of pH 10 
or greater. 

For the chromatography of growth hormone, a 2.5 X 23 cm. column of 
DEAE-cellulose was equilibrated with 0.0052 m Na2B,O;-0.0044 m HCl 
buffer, pH 8.7, 0.02 ionic strength. The low solubility of growth hormone 
in this buffer necessitated the use of large volumes. Thus, 170 mg. of 
electrophoretically homogeneous growth hormone (11) dissolved in 90 
ml. of buffer were applied to the column. Elution of the protein was 
accomplished by means of a combined pH and salt gradient. A solution 
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Fic. 2. Combined pH and salt gradient elution of purified growth hormone from 
a DEAE-cellulose column (2.5 X 23 em.). The hormone was adsorbed from 0.0052 
M NaeB,0;-0.0044 m HCl buffer, pH 8.7, 0.02 ionic strength, and eluted by a gradient 
produced with a solution of 0.12 m NasCO; and0.1mM NaCl. The gradient was started 
at Tube 40. Flow rate was 0.3 ml. per minute, and 3.3 ml. of effluent were collected 
per tube. 


of 0.12 M NasCO; and 0.1 m NaCl was placed in the reservoir, and 260 ml. 
of the pH 8.7 borate buffer were added to the mixing flask. The pH of 
the solution emerging from the column increased in a nearly linear manner 
with effluent volume. Under these conditions, two fairly well resolved 
peaks resulted. The contents of the tubes were combined as indicated 
by the brackets in Fig. 2, 21 and 64 per cent of the ultraviolet absorption 
of the applied protein being present in Peaks | and 2, respectively. The 
total recovery was 90 per cent. The protein of Peaks 1 and 2 was dialyzed 
with rotation against several changes of distilled water and recovered by 
lyophilization for use in rechromatography experiments. 

The biological activity of the two peaks is shown in Table II. There 
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was no significant difference in growth activity between the two peaks or 
the hormone before chromatography. 

The protein of each of the two peaks was subjected to rechromatography 
on two separate 1.2 X 23 em. columns of DEAE-cellulose equilibrated 
with 0.0052 m Na2B,O;-0.0044 m HCl buffer, pH 8.7. 15 mg. of the pro- 
tein from Peaks 1 and 2 were dissolved in 10 ml. of buffer and allowed 
to stand in an ice bath for 1 hour. Initially both protein solutions were 
clear; however, after 1 hour an appreciable amount of the Peak 1 pro- 
tein precipitated, while the protein solution of Peak 2 was only slightly 
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Fic. 3. Rechromatography of Peaks 1 and 2 from Fig. 2 on two DEAE-cellulose 
columns (1.2 X 23 em.). The hormone was adsorbed from 0.0052 m Na2B,O;-0.0044 
mM HCl buffer, pH 8.7, 0.02 ionic strength, and eluted by a gradient produced with a 
solution of 0.12 m Na2sCO; and 0.1 m NaCl. The gradient was started at Tube 1. 
Flow rate was 0.25 ml. per minute, and 3.3 ml. of effluent were collected per tube. 


turbid. The precipitates were removed by centrifugation and the clear 
supernatant solutions applied to the columns (Peak 1, 6 mg. and Peak 2, 
12mg.in 10 ml.). Elution was accomplished as before by using 145 ml. of 
the borate buffer in the mixing flask and producing a combined pH and salt 
gradient with a solution containing 0.12 m NasCO; and 0.1 m NaCl. The 
elution patterns of Peaks 1 and 2 are presented in Fig. 3. The protein of 
Peak 2 was eluted essentially as a single peak at its original retention 
volume. On the other hand, the protein of Peak 1 was eluted in three 
peaks. The retention volume of the leading peak corresponded with that 
of the original Peak 1, while that of the trailing peak corresponded to that 
of the original Peak 2. From these results it can be concluded that the 
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protein of Peak 1 converts to that of Peak 2, presumably during the ad- 
sorption of growth hormone on the DEAE-cellulose at pH 8.7. 

The conversion of the protein of Peak 1 to that of Peak 2 suggested that 
possibly a denaturation had occurred during adsorption on the DEAE- 
cellulose. Since one of the criteria of denaturation is decreased solubility, 
the solubility of Peaks 1 and 2 and of the original growth hormone was 
determined in buffers at pH 7.2 and 8.7 of 0.02 ionic strength. 6 mg. of 
the dialyzed, lyophilized proteins were suspended in 2 ml. of 0.0052 m 
Na2B,O;-0.0044 m HCl buffer, pH 8.7, and in 2 ml. of 0.0057 m NasHPO,- 
0.016 m NaH2PO, buffer, pH 7.2. After 1 hour’s equilibration at 4°, the 
precipitates were removed by centrifugation, and the supernatant solu- 
tions were analyzed for nitrogen. As can be seen from the results in Table 
III, Peak 2 protein is more soluble at both pH values than the original 
growth hormone. On the basis of solubility considerations alone, the 


TaBLeE III 
Solubility of Peaks Eluted From DEAE-Cellulose 





Sample | Buffer, pH 7.2 Buffer, pH 8.7 





| 
coaiih —_ | 
| 
| 


mg. N per ml.* mg. N per ml.* 


Starting growth hormone...... cf 0.09 0.17 
Peak 1.. ; va 0.13 0.16 


a cera eawase 9-8 OP eran a 0.12 0.31 








* By micro-Kjeldahl analysis. 


conversion of Peak 1 to Peak 2 would not appear to be a result of denatura- 
tion. 

Two protein peaks could also be eluted when growth hormone is ad- 
sorbed onto DEAE-cellulose at pH 9.6 from 0.0052 m NasB,O.-0.0044 m 
NaOH buffer of 0.02 ionic strength. A 20 mg. sample of growth hormone 
dissolved in 2 ml. of buffer was applied to a 1.23 X 23 cm. column. Since 
no protein was eluted on passing 6 retention volumes of buffer through 
the column, a pH gradient was applied as before. A solution containing 
0.12 m Na2CO;-0.1 m NaCl was used in the reservoir, and 145 ml. of the 
buffer, pH 9.6, were used in the mixer. Two peaks were eluted somewhat 
less sharply resolved than in Fig. 2. Peak 1 contained 30 per cent while 
Peak 2 contained 45 per cent of the ultraviolet adsorption of the applied 
protein. 

In contrast to the resolution of growth hormone into two components by 
pH gradient elution, no resolution was evident when the adsorbed protein 
was eluted by a salt gradient at a constant pH value. Growth hormone 
adsorbed on DEAE-cellulose at pH 9.6 from 0.0052 m NaeB,O;-0.0044 mu 
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NaOH buffer could be eluted with a salt gradient produced by use of 
145 ml. of the buffer in the mixer and buffered 0.4 m NaCl in the reservoir. 
Under these conditions a single symmetrical peak was obtained in 95 per 
cent yield. 


SUMMARY 


Purified growth hormone was separated from trace amounts of inter- 
stitial cell-stimulating hormone, thyrotropic hormone, and inert protein 
by means of salt gradient chromatography on carboxymethylcellulose 
columns. The hormonal activity was associated with the main protein 
peak of the chromatogram. Crude growth hormone could also be purified 
on carboxymethyleellulose to yield an electrophoretically homogeneous 
preparation. 

Chromatography of purified growth hormone on diethylaminoethylcel- 
lulose, with pH gradient elution, produced two peaks, both equal in bio- 
logical potency to the starting material. Rechromatography of the two 
peaks showed that conversion from one peak to the other occurred during 
adsorption. It would not appear that this conversion can be ascribed to 
denaturation inasmuch as the solubility of both peaks is the same or greater 
than that of the original protein. A description is included of the prepara- 
tion of carboxymethyleellulose of different degrees of substitution and of 
diethylaminoethylcellulose used in this study. 
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IDENTIFICATION OF p-HOMOSTEROIDS IN EXTRACTS 
OF HUMAN URINE* 


By DAVID K. FUKUSHIMA anp T. F. GALLAGHER 
(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, October 28, 1955) 


Recent synthetic and structural studies by Fukushima and his coworkers 
have established the chemical nature of the products derived from 3a, 17a- 
dihydroxypregnane-20-one by pb-homoannulation (1). With these com- 
pounds available it has been possible to identify three unknown steroids 
isolated from extracts of human urine in earlier studies from these labora- 
tories (2). The formulae of the compounds, together with the physical 
constants of the free compound and the acetate, are shown in Fig. 1, with 
the designation of the unknown substances given in the previous publica- 
tion. These compounds are 3a,17aa-dihydroxy-17a8-methyl-p-homoetio- 
cholane-17-one (1), 3a, 17a6-dihydroxy-17ae-methyl-p-homoetiocholane-17- 
one (II), and 3a,17a-dihydroxy-178-methyl-p-homoetiocholane-17a-one 
(III). Identity with the compounds originally isolated was established by 
comparison of the infra-red spectra of the synthetic and isolated samples 
and of the mixed melting point of the samples from both sources. 

3a, 17a-Dihydroxy-178-methyl-p-homoetiocholane-17a-one has likewise 
been isolated from urine extracts by Miller and Dorfman (3). These au- 
thors correctly judged that the compound was derived from 3a, 17a-di- 
hydroxypregnane-20-one and was a D-homosteroid but from analogy as- 
cribed an incorrect formula to the compound. From the established 
structure of the compound, it is now evident that the acid that Miller and 
Dorfman obtained by chromic acid oxidation of [Ila followed by removal 
of the acetoxy group is correctly formulated as IV. 

All three of these p-homosteroids have been encountered in a number of 
urine extracts from a variety of patients both normal and diseased. It is 
important to note, however, that, after hydrolysis of the urinary conju- 
gates with the enzyme 6-glucuronidase! followed by a single chromatogram 
on a partition type column, at most only traces of these products have been 
recognized in a systematic examination of all the fractions by infra-red 


* This investigation was supported in part by a grant-in-aid from the American 
Cancer Society upon recommendation of the Committee on Growth of the National 
Research Council, and Grants C-322 and C-440 from the National Cancer Institute of 
the National Institutes of Health, United States Public Health Service. 

1 The enzyme, 6-glucuronidase, used for hydrolysis was obtained from the Warner- 
Chilcott Laboratories, a division of Warner-Lambert Pharmaceutical Company, 
New York, and is now commercially available under the trade name Ketodase. 
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spectrometry. The substances are found in larger amounts when the urine 
has been subjected to boiling with acid or when the extracts of enzyme 
hydrolysates have been repeatedly chromatographed on either alumina or 
silica gel. The substances similarly have been found in trace amount in 
only three urine extracts of hundreds of patients examined when the 
neutral steroids obtained from enzymatic hydrolysis of the conjugates had 


CH; OH 
--OH ~~ CH, 
) 0 
vi RO’ 
I R=H I. R=H 
Ia R=CH,CO Ia R=CH,CO 
(A33) (A25) 
I m.p. 207~- 220° ‘ P I mp. 186 -187°;[d],, = -14.5° 
Ia mp. 201.5- 202.5°; [4] = +89 Ta mop.I71-171,8°;[d],=+8.9° 
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CH3 _- COOH 
~SOH 
(CH>) —C-Ch 
2 Il 
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HO~~ 
II R=H 
Ia R=CH,CO Iv 


(A35 ) 


Ia mop. 188-189.5° -[d] 5 t6l-2° 


Fic. 1. The numbers in parentheses are those assigned by Lieberman et al. (2); 
the rotations are in chloroform. 


been separated by partition chromatography on paper. It is, therefore, 
very highly probable that the compounds are artifacts of either hydrolysis 
or isolation or both, derived from 3a,17a-dihydroxypregnane-20-one, a 
substance found in nearly every urine. 

It is noteworthy, also, that all of the compounds isolated in crystalline 
form and identified were obtained from urine extracts from patients with 
various types of adrenal hyperplasia (2, 3) in whom the excretion of 3a, 17a- 
dihydroxypregnane-20-one is greatly elevated from that found in normal 
subjects. The report of Miller and Dorfman, however, would seem to be 
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in conflict with the view that 3a,17a-dihydroxy-178-methyl-p-homoetio- 
cholane-17a-one was derived from 3a, 17a-dihydroxypregnane-20-one as an 
artifact of hydrolysis or isolation, although these authors so interpreted 
their results. They used a neutral fraction obtained from unhydrolyzed 
urine which was subjected only to separation by means of Girard’s Reagent 
T, acetylation, and chromatography on alumina. The product obtained 
was IIIa and only traces of 3a,17a-dihydroxypregnane-20-one were iso- 
lated. The most reasonable interpretation of their result is that the alu- 
mina used for chromatography was highly effective in bringing about the 
rearrangement to the p-homosteroid without loss of the acetoxy group in 
the process. 

The formation of these artifacts emphasizes the necessity for the use of 
the mildest methods of both hydrolysis and separation. Two of the com- 
pounds are chromogens in the Zimmermann reaction and their formation 
thus could lead to the erroneous interpretation of the presence of 17-keto- 
steroids. Equally troublesome is the formation of three different artifacts 
from but a single precursor substance. Likewise, artifacts of p-homoan- 
nulation can be derived from similarly constituted 11-oxygenated steroids 
such as 3a,17a-dihydroxypregnane-11 ,20-dione which has been isolated 
from the urine of patients with adrenal hyperplasia (4). For these reasons 
it is important to employ enzymatic hydrolysis and to effect the separation 
of steroid metabolites by means which do not involve prolonged exposure 
to the catalytic surface of an adsorbent. Partition chromatography on 
paper appears to meet these requirements adequately. 


EXPERIMENTAL 


The infra-red spectra were obtained with Perkin-Elmer models 12 and 
21 spectrometers. The spectra are shown in Figs. 2 and 3. A single 
beam spectrum of Compound A35 has been published (5). Direct com- 
parison with samples of the products isolated by Lieberman et al. (2) was 
possible from reference samples retained in these laboratories. The prod- 
uct of Miller and Dorfman was given to the late Dr. Konrad Dobriner and 
the spectrum was available for comparison. 

The transformation of 3a,17a-dihydroxypregnane-20-one to 3a,17a-di- 
hydroxy-178-methyl-p-homoetiocholane-17a-one by partition chromatog- 
raphy on a column with silica gel as support for the stationary phase was 
studied in the following way. 3a,17a-Dihydroxypregnane-20-one was re- 
peatedly purified and judged to be homogeneous by constancy of melting 
point, movement as a single spot on paper in the system toluene-propylene 
glycol for 18 hours, and without contamination by a p-homosteroid as 
estimated by infra-red spectrometry. 100 mg. of this product were dis- 
solved in methylene chloride containing 1 per cent ethanol and transferred 
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to a column of 40 gm. of silica gel containing 16 ml. of ethanol. The ma- 
terial remained upon the column for 1 week and was then slowly eluted with 
methylene chloride and 1 per cent ethanol. About 5 mg. of 3a, 17a-di- 
hydroxy-178-methy]-p-homoetiocholane-17a-one were obtained and identi- 
fied by infra-red spectrometry. The remaining 3a,17a-dihydroxypreg- 
nane-20-one was eluted with methylene chloride containing 2 per cent 
ethanol and the product was contaminated with traces of the p-homoster- 
oid as judged by infra-red spectrometry. The estimate of 5 per cent 
transformation is therefore a minimum. Hirschmann and Hirschmann (6) 
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Fig. 3. Infra-red spectra of IIIa 


found that 38,17a-dihydroxy-A*-pregnene-20-one was converted to 38,- 
17aa-dihydroxy-17a8-methyl-A*-p-homoandrostene-17-one by prolonged 
chromatography on alumina. 
DISCUSSION 

Together with the three p-homosteroids described in this report, there 
are a few minor revisions to be made in the list of compounds isolated from 
urine extracts by Lieberman et al. (2,7). Compound A7, correctly identi- 
fied as an acetate of a Cy 17-ketosteroid, is a mixture of the acetates of 
androsterone and etiocholanolone as estimated from the infra-red spectrum 
of known mixtures. Compound A8, designated as 3a-acetoxy-A"(?)-an- 
drostene-17-one, is in fact 3a-acetoxy-A*-androstene-17-one, as judged both 
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from the essential coincidence of the infra-red spectra as well as from the 
physical constants reported. Thus, Compounds A6, A7, A8, and AQ are 
not metabolites but artifacts of the isolation technique. 

Compound A29 is pregnane-3a,20a-diol and was probably incorporated 
into the ketonic fraction by crystallization from the organic solvent, ether, 
and thus entered the aqueous phase during the separation into ketonic 
and non-ketoniec fractions. It is notable that the substance, obtained in 
small amount, was isolated from a pool of urine from pregnant humans. 
Compounds B6 and B7 have since been identified (8, 9). 


SUMMARY 


Three steroids previously isolated from extracts of human urine have 
been identified as p-homo rearrangement products of 3a, 17a-dihydroxy- 
pregnane-20-one. These compounds are 3a, 17aa-dihydroxy-17a8-methyl- 
p-homoetiocholane-17-one, 3a,17a@-dihydroxy-17aa-methyl-p-homoetio- 
cholane-17-one, and 3a, 17a-dihydroxy-178-methyl-p-homoetiocholane-17a- 
one. These urinary steroids are undoubtedly artifacts of isolation derived 
from 3a,17a-dihydroxypregnane-20-one. 

The identification of other urinary steroids previously isolated is also 
discussed. 
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REACTIONS OF XANTHYDROL 


IV. DETERMINATION OF TRYPTOPHAN IN BLOOD 
PLASMA AND IN PROTEINS* 


By SHERMAN R. DICKMAN anp ALAN L. CROCKETT 


(From the Department of Biological Chemistry, University 
of Utah College of Medicine, Salt Lake City, Utah) 


(Received for publication, November 21, 1955) 


The method to be described for the determination of tryptophan is based 
on the reaction between xanthydrol and tryptophan in acid solution to 
form a highly colored, acid-stable product (1). In the presence of excess 
xanthydrol the formation of xanthydryltryptophan is directly related to 
the quantity of tryptophan in the solution. Although other indole de- 
rivatives likewise react with xanthydrol to form colored products, the fact 
that tryptophan is the only substance of this type known to occur in pro- 
teins, or in normal blood plasma in appreciable quantities, suggested that 
the reaction might be applied to the quantitative determination of this 
amino acid in solutions of biological interest. The procedure is quite rapid 
and sensitive in the range 10 to 80 y of tryptophan with a standard error 
of 2 per cent. 

The analysis of solutions which contain only tryptophan is readily ac- 
complished. More complex solutions, such as deproteinized human blood 
plasma, contain constituents in addition to tryptophan which form a 
slight color with xanthydrol, and a modified procedure has been devised to 
avoid this interference. The determination of the tryptophan content of 
proteins requires a longer reaction period than that which is necessary 
for the analysis of free tryptophan. Under these conditions tyrosine also 
reacts with xanthydrol. The extent of the tyrosine interference can be 


evaluated and a correction applied by measurement of the absorbancy of 
the solution at two wave-lengths. 


EXPERIMENTAL 


Materials—Xanthydrol was synthesized from xanthone (2) or was pur- 
chased. It was stored at 4°. pxi-Tryptophan was obtained from The Dow 
Chemical Company. Crystalline lysozyme, chymotrypsinogen, bovine se- 
tum albumin, and ribonuclease were Armour and Company pfoducts. 
Crystalline 8-lactoglobulin, human serum albumin, human serum 7-globu- 
lin, and edestin were kindly furnished by Dr. Emil Smith. Crystalline 


*This work was supported in part by grants from the American Cancer Society 
and the University of Utah Research Fund. 
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insulin was a gift from Eli Lilly and Company. Casein was purchased 
from the Nutritional Biochemicals Corporation. 

Blood was drawn from a group of males after an overnight fast. Po- 
tassium oxalate was employed as an anticoagulant. Plasma can be stored 
at —20° for months with no change in its apparent tryptophan content. 

Colorimetric Reagent—Xanthydrol, 0.1 gm. per 100 ml. of concentrated 
HCl, was used. 

Spray Reagent—Xanthydrol, 0.1 gm. per 100 ml. of 95 per cent ethanol 
containing 5 per cent by volume of concentrated HCl, was employed. 
Both the colorimetric and spray solutions were prepared fresh on the day 
of use. 

Spectrophotometric measurements were made with a Coleman junior 
spectrophotometer and a Beckman DU spectrophotometer. 

Factors Affecting Color Formation—A study of the factors which affect 
color formation demonstrated the following: 

Temperature—The color develops more rapidly at elevated tempera- 
tures, but the final intensity is constant for a given amount of tryptophan. 
In a 15 minute reaction period, for example, the Aso obtained at 37° is 82 
per cent as large as that at 93°. 

Time—At 93°, the color with free tryptophan develops rapidly and at- 
tains 96 per cent of its maximal value in 15 minutes. With lysozyme, 
however, color formation is considerably slower. The calculated tryp- 
tophan content gradually increased and reached a maximum in 5 hours. 
This reaction period was therefore selected for the tryptophan analysis 
of the other proteins. 

Absorbancy (A) Peak—With free tryptophan the absorbancy peak was 
found at 510 my, and in the interval from 3 to 8 hours the peak had broad- 
ened to the extent that Asoo was as large as Ago5. Certain of these 
changes are illustrated in Fig. 1. The absorbancy peak with lysozyme 
occurred at 525 mu during the first 30 minutes, then gradually shifted 
towards the shorter wave-lengths. After 1 hour it was found at 520 
my and after 5 hours at 510 my. At the end of a 10 hour reaction 
period the peak had moved to 495 to 500 mu. 

Color Stability—Once formed, the color appears stable for at least 24 
hours at room temperature. At 93°, however, there is a slight decrease 
in intensity with continued heating. If one considers the absorbancy 
found at the end of 1 hour at 93° as 100 per cent, then after 2, 4, and 8 
hours the relative intensities would be 99, 93, and 90 per cent, respectively. 

Acid—The color intensity is greater when the reaction is carried out in 
HC! solutions than in glacial acetic acid. 6 N HCl appears as the optimal 
concentration. H SO, can also be employed, but HNO:;, H;PO,, or HCIO, 
acid is not suitable. 


1 The temperature of boiling water at the altitude of Salt Lake City. 
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Xanthydrol Concentration—A high molar xanthydrol-tryptophan ratio is 
required for maximal color development. Xanthydrol solutions should be 
freshly prepared each day. The reagent is more stable in concentrated 
HCl than in glacial acetic acid. 

Interfering Substances—These are of three types: (a) Those formed by 
decomposition of xanthydrol during the reaction period are one kind. 
These substances are readily extracted by benzene or cyclohexane. (b) 
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Fic. 1. Spectral absorbancy curves of xanthydryltryptophan, xanthydryl- 
tyrosine, and xanthydrylserotonin. Tryptophan (0.55 umole) and serotonin creati- 
nine sulfate (0.55 umole) were each treated with 1 mg. of xanthydrol in 5 ml. of 6 N 
HCl for 15 minutes at 93°. Tyrosine (100 y) and tryptophan (30 y) were each treated 
with 1 mg. of xanthydrol in 5 ml. of 6 N HCl for 5 hours at 93°. All solutions were 
extracted twice with benzene before absorbancies were measured. 


~~o 





Substances other than indoles which form colored products with xanthydrol 
are another type. In our experience these effects have been relatively 
minor. The degree of interference can be calculated and corrections ap- 
plied by obtaining measurements at other wave-lengths. Such substances 
can also be removed by extraction to obtain results of high accuracy. Pro- 
cedures which illustrate these principles are described below. (c) Other 
indoles are the third type. As mentioned above, xanthydrol reacts with 
a wide variety of indoles to form colored products. In the studies re- 


’ ported here, free or bound tryptophan was the only indole present in the 


solutions which were examined. In applying the reaction to other ma- 
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terials, however, the wide reactivity of xanthydrol should be borne in 
mind. In addition to the reaction with serotonin described below, xan- 
thydrol reacts with indoleacetic and indolebutyric acids, yohimbine, 
Rauwolfia, and ergot alkaloids.’ 

Tryptophan Metabolites—Xanthurenic acid (360 y), kynurenine (400 ), 
and kynurenic acid (520 7) were each tested in a 15 minute reaction period. 
No color was observed in these solutions. 

Determination of Free Tryptophan—The solution to be analyzed, which 
should contain 10 to 80 y of tryptophan in a maximal volume of 5 ml., is 
added to a mixture of 1 ml. of xanthydrol (1 mg. per ml.) in concentrated 
HCl and 4 ml. of concentrated HCl. The solution is diluted to 10.0 ml. 
with H;0O and the tube is heated in a boiling water bath for 15 minutes. It 
is then cooled and extracted three times with wet benzene, and the excess 
benzene is evaporated from the aqueous phase with a stream of air. The 
solution is diluted to volume with 6 nN HC]. The tryptophan content can 
be calculated from the absorbancy of the solution at 510 my after construc- 
tion of a standard curve (Fig. 2). 

In solutions which are originally colorless, a much more rapid tech- 
nique has been devised. In this modification, the benzene extractions 
are omitted, and the color of the excess xanthydrol and related substances 
is “blanched” by the addition of about 50 mg. of cysteine hydrochloride 
per tube. After mixing, the purple color of xanthydryltryptophan is as 
intense as that after the extraction procedure. 

Determination of Serotonin—Serotonin creatinine sulfate (Upjohn) was 
dissolved in water, and various amounts were treated with xanthydrol in 
6 N HCl at 93° for 15 minutes and extracted with benzene. As shown in 
Fig. 1, the absorbancy peak occurred at 557 my. The molar absorptivity 
of xanthydrylserotonin at 557 my is approximately the same as that of 
xanthydryltryptophan at 510 my. A concentration-absorbancy curve for 
xanthydrylserotonin at 557 my is included in Fig. 2. 

Determination of Free Tryptophan in Plasma or Serum—To 1.0 ml. of 
plasma in a centrifuge tube are added 5.0 ml. of 1 per cent picric acid and 
370 mg. of ammonium sulfate. After thorough mixing, the sample is cen- 
trifuged for 15 minutes, and the supernatant solution is filtered through a 
small cotton plug. A 4.0 ml. aliquot is added to a mixture composed of 
4.0 ml. of 12 n HCl, 1.0 ml. of glacial acetic acid, and 1.0 ml. of xanthydrol 
(1 mg. per ml. in 12 n HCl) in a glass-stoppered tube. The tube is placed 
in a boiling water bath for 15 minutes, then cooled in an ice bath. Satu- 
rated NaOH is added until the solution reaches pH 3.5.5 The solution 


2 §. R. Dickman, unpublished observations. 
3 The solution becomes colorless at this pH. Excess alkali must be avoided or 
low results will be obtained. 
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is then extracted with 10 ml. of isoamyl acetate and the upper phase is 
removed. 1.4 ml. of 6 N HCl are added to the organic phase, and the 
mixture is shaken in a glass-stoppered test-tube. The aqueous phase is 
removed and its absorbancy is measured at 500 my ina lO X 75 mm. cu- 
vette in the Coleman junior spectrophotometer. The tryptophan content is 
calculated from a standard curve run under the same conditions.‘ Differ- 
ent quantities of tryptophan, 10, 20, 30, 40, 50, 60, 80, and 100 y, were 
each run in duplicate. The absorptivity calculated for 10 y of tryptophan 
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SUBSTANCE, MICROGRAMS 


Fic. 2. Concentration-absorbancy curves of xanthydrol reaction mixtures. 
Curve 1, tyrosine heated for 5 hours, at 93°, in 5 ml. of 6 N HCl (880 my). Curve 2, 
tryptophan heated for 5 hours, at 93°, in 5 ml. of 6 n HCl (500 my). Curve 3, O, 
serotonin (557 mu); @, tryptophan (510 my), each heated for 15 minutes, at 93°, in 
10 ml. of 6N HCl. Xanthydrol (1 mg.) was added to each tube before heating, and 
all the solutions were extracted twice with benzene at the end of the reaction period 
before absorbancies were determined. 


was 0.130 + 0.003, except for the 100 y samples which were lower by 10 
per cent. 

Determination of Tryptophan Content of Proteins—An amount of protein 
containing 10 to 80 y of tryptophan is placed in a 14 X 200 mm. Pyrex 
glass-stoppered test-tube, calibrated at 5.0 ml. Xanthydrol (0.5 ml.) 
in concentrated HCl (1 mg. per ml.) is added, followed by 2.5 ml. of con- 
centrated HCl. The solution is diluted to 5 ml. with H.O; the tube is 
covered with a marble and heated for 5 hours at 93°. The solution is then 
cooled and extracted two times with benzene, excess benzene is removed 
from the aqueous phase with a stream of air, and the solution is diluted to 
5ml. with 6 Nn HCl. The absorbancy of the solution at 380 my and 500 
my is then determined in the Beckman DU spectrophotometer. 


4The volume change due to the addition of ammonium sulfate must be considered 
in the calculations. 











962 TRYPTOPHAN DETERMINATION 


Although tyrosine does not react appreciably with xanthydrol in a short 
reaction period, in the 5 hours required for maximal tryptophan values 
in proteins, a significant reaction between xanthydrol and tyrosine does 
occur. Despite the lower absorptivity of xanthydryltyrosine than xanthy- 
dryltryptophan at 500 muy, high values of tryptophan are obtained unless a 
correction is applied. As can be seen in Fig. 1, both xanthydryltyrosine 
and xanthydryltryptophan have absorbancy peaks at 375 mp. The max- 
-imal difference in the ratio of their absorptivities (a) occurs at 380 mu. 
Consequently, absorbancy values are secured on the protein solution as 
well as on tryptophan (try) and tyrosine (tyr) standards at 380 and 500 
my. The absorptivities of 10 y quantities of the two amino acids at each 
wave-length are a3so 0.235, asco 0.0952, a3%o 0.136, asvo 0.0101. The tryp- 
tophan content of a protein can be calculated by substitution of the values 
into the appropriate equation (3).° 

Detection of Tryptophan and N-Acetyltryptophan on Paper Chromato- 
grams—pb.L-Tryptophan (2 y) and N-acetyl-pL-tryptophan (2 y) were 
chromatographed on Whatman No. 1 paper with n-butanol-acetic acid- 
water (7:1:2.5) for development. The paper was air-dried and then 
sprayed with xanthydrol spray reagent. The colors of the xanthydryl- 
tryptophans became evident on drying the paper at room temperature. 
Tryptophan was found to have an R, of 0.50 and acetyltryptophan an 
Rr of 0.87 under these conditions. These substances were also detected 
by spraying the paper with xanthydrol dissolved in 95 per cent ethanol 
and placing the dried paper over concentrated HCl in a sealed container. 
The colored spots are readily visible for at least 48 hours. For quanti- 
tative work, the colored material can be eluted with methanol, the methanol 
evaporated, the residue taken up in 6 N HCl, and the absorbancy deter- 
mined. 


Results 


Free Tryptophan in Human Plasma and Serum—High plasma tryptophan 
values were obtained with both the benzene extraction and the cysteine 
addition procedures. The spectral absorbancy curves of the final colored 
solutions indicated that a contaminant was present. The isoamy! acetate 
extraction procedure, however, furnishes a colored solution which is very 
similar in its spectral characteristics to that obtained with pure tryptophan. 

. Table I contains values of the free tryptophan of samples of plasma and 
serum from fasted humans. A mean of 1.27 + 0.18 mg. per 100 ml. was 
found for the plasma tryptophan levels of ten male subjects. This value 
may be compared to 1.74 + 0.51 found by Harper ef al. (4), 1.18 + 0.20 

5Cuy = ((a3xo X Asoo) — (asoo x A3so))/((aso0 x asso) _ (asbo x asso) 3 Cryer = 
((asss X Asoo) — (aloo X Asso))/((atss X atts) — (atts X afss)). C = concentration. 
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reported by Hofstatter et al. (5), and 1.08 + 0.21 mg. per 100 ml. measured 
by Hier and Bergeim (6). The high values of the first group are probably 
due to the method of deproteinization. In our experience the acetic acid 
treatment allowed appreciable protein to remain in solution, and high values 


TABLE | 
Free Tryptophan Content of Human Plasma and Serum 
B ! 


) -_ 


Recovery 





Serum 
tryptophan 





Donor | Plasma tryptophan 


Amount 


adde Amount recovered 
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mg. per 100 ml. Img. per 100 ml. Y 
.25 
.80 
.22 | 
.28 32 | 30.4 | 95.2 
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} 
Average...........| 1.27 + 0.18 








* This sample was consistently turbid and was not included in the average. 
{+ Female, not included in the average. 


TaBLeE II 
Tryptophan Content of Proteins 
The values included are for the anhydrous ash-free proteins. 

















Protein Tryptophan Literature values 
per cent per cent 

ee errr ie yer 1.65 1.6 (7), 1.48 (8), 1.24 (9) 
6-Lactoglobulin.......... .eeeeee| 2.64 | 2.87 (7), 1.94 (10) 
Ns bons os os ..| 1.45 | 1.68 (7), 1.33 (8) 
Serum albumin (bovine). . ...| 0.56 | 0.58 (10), 0.58 (11) 

- - (human). meee 0.26 0.19 (10) 
y-Globulin errr eer cee 2.87 (10), 2.69 (9) 
Lysozyme (egg white)................} 10.2 10.6 (12) 
Chymotrypsinogen.................. 4.92 5.57 (13) 
Insulin........... wee ..| 0.08 0 (10) 
Ribonuclease*......... a | 0.17 | O (18) 





* Recovery of tryptophan added to ribonuclease, 104 per cent. 
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for plasma tryptophan were encountered until a more complete protein 
precipitant was employed. 

32 y of tryptophan were added to three samples of plasma, and the re- 
coveries are recorded in Table I. Recovery ranged from 93.3 to 96.6 per 
cent with an average of 95 per cent. 

Tryptophan Content of Proteins—The results of tryptophan analyses of a 
number of proteins are listed in Table II. The values obtained by the 
xanthydrol method confirm previously reported values on a variety of 
proteins. An especially close agreement is evident between the xanthydrol 
method and the alkaline hydrolysis procedure of Spies and Chambers (7) 
on the proteins edestin, 6-lactoglobulin, and casein. The tryptophan 
content of human y-globulin (3.65 per cent) is higher than that found by 
either Brand (10) or Smith et al. (9), while the value for chymotrypsinogen 
is lower than that found by Brand (13). The sample of insulin contained 
the hyperglycemic principle, glucagon, which has been reported to contain 
tryptophan (14). 


SUMMARY 


The photometric determination of free tryptophan and a procedure for 
measuring the tryptophan content of proteins are described. The method 
is based on the reaction of tryptophan with xanthydrol in hydrochloric 
acid to form the colored substance xanthydryltryptophan. The method 
is rapid and is sensitive in the range 10 to 80 y of tryptophan. 

Normal human male plasma was found to contain 1.27 + 0.18 mg. of 
tryptophan per 100 ml. 

The tryptophan content of the proteins edestin, 6-lactoglobulin, casein, 
bovine serum albumin, human serum albumin, human y-globulin, lysozyme, 
chymotrypsinogen, insulin, and ribonuclease are reported. 

The detection of two indole derivatives on paper chromatograms is 
described. 


We wish to thank Dr. E. E. Hays and Armour and Company for gifts 
of proteins, Dr. Marvin D. Armstrong for tryptophan metabolites, and 
Kathryn S. Robinson of the Metabolic Laboratory, University of Utah, 
for nitrogen analyses of the proteins. 
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A CYTOCHROME PEROXIDASE FROM 
PSEUDOMONAS FLUORESCENS* 


By HOWARD M. LENHOFF} ann NATHAN O. KAPLAN 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, June 6, 1955) 


The nature of the physiological function of peroxidases has been the ob- 
ject of much research. The Altschul, Abrams, and Hogness (1) discovery 
of a cytochrome c peroxidase in brewers’ yeast was one of the first cases in 
which a peroxidase was found to have a physiologically important sub- 
strate. However, since its initial discovery, there have been relatively 
few reports concerning the presence and physiological function of cyto- 
chrome peroxidases in general. This paper is concerned with the study 
of some new features of a cytochrome peroxidase present in Pseudomonas 
fluorescens and of some physiological functions of the enzyme. 

The cytochrome c peroxidase present in P. fluorescens differs from the 
enzyme described in yeast in that the Pseudomonas enzyme reacts specif- 
ically with the cytochrome c found in the Pseudomonas extracts. This 
cytochrome pigment is similar in spectral properties to animal cytochrome 
c; it differs from the animal pigment, however, in that it is not adsorbed on 
Amberlite IRC-50 (2) as is animal cytochrome c. On the other hand, 
reduced anima] cytochrome c is not oxidized by the Pseudomonas enzyme. 

The properties of the bacterial cytochrome and of cytochrome peroxidase 
will be described, as well as the relationship of the azide insensitivity of the 
peroxidase to “‘azide-insensitive’”’ systems described previously. 


Materials and Methods 


Materials—DPNH was prepared as described by Pullman, Colowick, 
and Kaplan (3) from DPN! of approximately 90 per cent purity obtained 
from the Pabst Laboratories. Crystalline animal cytochrome c was ob- 
tained from the Sigma Chemical Company. Purified catalase was ob- 


* Contribution No. 118 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, and from the Rockefeller Foundation. 

+ Lalor Predoctoral Fellow (1953-54); present address, Armed Forces Institute of 
Pathology, Washington, D. C. 

1The following abbreviations are employed throughout this paper: DPN and 
DPNH for the oxidized and reduced diphosphopyridine nucleotide, respectively; 


TPN for triphosphopyridine nucleotide; dye for 2,6-dichlorobenzenoneindo-3’- 
chlorophenol. 
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tained from Armour and Company. Purified liver TPN-cytochrome c 
reductase (4) was kindly supplied by Dr. B. L. Horecker. 

Preparation of Adsorbents—The Amberlite IRC-50 column was prepared 
by the method of Neilands (5). Acid-treated kaolin (fuller’s earth) was 
prepared? by adding 1000 ml. of concentrated HC! (specific gravity 1.18) 
to 300 gm. of kaolin. The mixture was boiled slowly for 12 hours over a 
period of 2 days. The HCl was poured off, and the kaolin was washed 
with distilled water by decantation. The acid treatment and washing were 
repeated. The kaolin was then washed with water until the washings had 
a nearly neutral pH, while the kaolin gave an acid reaction to litmus paper. 

Growth of Bacteria—A strain of P. fluorescens, obtained from Dr. Car] 
Lamanna, was grown in a medium containing 5 gm. of sodium citrate, 
5 gm. of NaNO;, 1 gm. of KH2PO,, 0.5 gm. of MgSO,-7H2O, and 4 gm. of 
powdered yeast extract (Difco) per liter adjusted to a pH of 6.9 to 7.1 with 
4.5 ml. of 1 n NaOH per liter. The growth of the cells in 10 liters of media 
in a 20 liter carboy gave a high cytochrome peroxidase activity and a high 
cytochrome c concentration per cell. The cultures should not be aerated 
nor agitated during growth (7). 2 days growth at 30° usually gave 5 gm. 
of wet weight of cells per liter when harvested on a Sharples centrifuge. 
The harvested cells appear red in color. 

Preparation of Extract—The cells were washed with 0.9 per cent NaCl, 
centrifuged, frozen, and ground in a cold mortar with an equal weight of 
Alumina powder (A-301). For each gm. of wet weight of cells, 5 ml. of 
cold 0.1 m phosphate buffer, pH 7.5, were slowly added to the cells and 
Alumina. The Alumina was removed by centrifugation at 2000 X g for 
5 minutes. The remaining homogenate was centrifuged at 25,000 Xx g 
in the cold for 30 minutes, or longer periods, until the supernatant fluid 
was particle-free; the length of time varied with the individual homogenates. 

Preparation of Reduced Dye’—A 0.001 solution of the reduced dye was 
prepared by dissolving 8.75 mg. of the oxidized dye, 2 ,6-dichlorobenze- 
noneindo-3’-chlorophenol, in 25 ml. of water, filtering, and reducing with 
1 ml. of a 0.2 per cent suspension of 5 per cent palladium-asbestos and 
hydrogen gas, according to the method of Smith and Stotz (8). The re- 
duced dye was filtered free from the palladium-asbestos catalyst through 
Whatman No. 42 filter paper. It has been observed that the reduction 
procedure will also form HO. by reducing the oxygen present in the solu- 
tion. The amount of endogenous H:O, formed is diminished by bubbling 
prepurified N» gas through the solution of oxidized dye before reduction 
with H.; this procedure lowers the concentration of dissolved Os. 

Assay for Cytochrome Peroxidase—The method of assay for cytochrome 
peroxidase is based upon the observation that the reduced dye, 2 ,6-di- 


2? This method is a modification of the method described by Hawk et al. (6). 
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chlorobenzenoneindo-3’-chlorophenol will chemically reduce small amounts 
of cytochrome pigment; the cytochrome is oxidized enzymatically by hy- 
drogen peroxide. The reaction is followed spectrophotometrically by meas- 
uring the rate of formation of the oxidized dye at 575 mu. Since the reac- 
tion is rapid, the most accurate results are obtained with a Beckman model 
B spectrophotometer. The reaction mixture consists of 2.3 ml. of reduced 
dye, 0.1 ml. of 3 X 10-* m HO, (with a final molarity of 10-*), and 0.1 
orthophosphate buffer, pH 7.5, to bring the total contents of the cuvette 
to 3.0 ml. The reaction is started by the addition of the bacterial extract. 
In order to correct for a slight autoxidation of the dye, a 30 second reading 
is taken before the addition of the enzyme.’ If the H.O2 is omitted from 
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Fig.1. Proportionality of concentration of enzyme to dye oxidized. Thestandard 
cytochrome peroxidase assay was used as stated in the text. 


the reaction mixture, an initial rapid oxidation of the dye will occur on the 
addition of the enzyme; this is due to endogenous H.O. formed on the 
reduction of the dye. The specific activity is expressed as a 0.01 change 
in optical density of the dye at 575 my per mg. of protein in 30 seconds. 
Protein concentration was determined by the method of Lowry et al. (9). 
As presented in Fig. 1, the activity is proportional to the concentration of 
the enzyme. 

Assay for Pseudomonas Cytochrome Pigment—By determining the pro- 
tein content and the change in optical density at 550 mu of the respective 
states of the Pseudomonas pigment and by assuming an approximate 
molecular weight of 14,000 for the pigment,‘ the percentage of the soluble 

* An optical density change of from 0.004 to 0.012 in 30 seconds is observed for 
the autoxidation rate of the dye. 


* An approximate molecular weight of 14,000 was selected, as this figure represents 
an average of the molecular weights given for animal cytochrome c. 
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pigment per 100 mg. protein as the Pseudomonas cytochrome pigment may 
be calculated. One may obtain the percentage of soluble cytochrome pig- 
ment present in the bacterial extract by using the following formula: 


Dilution factor X A optical density 550 my X 14 
mg. protein per ml. X 18 
= per cent soluble protein which is cytochrome pigment 





xX 100 


The value 18 is the difference of the extinction coefficients of the reduced 
and oxidized animal cytochrome ¢ at 550 my. The above figures are 
corrected for a light path of 1.0cm. An average extract of 3.0 mg. of pro- 
tein per ml. of extract had a A 550 my of 0.047 and thus contained 3.65 
per cent of the cytochrome c. If the cytochrome is in the reduced state, it 
may be oxidized by the addition of H.O,. at a final concentration of 10-4 
M or by a few small crystals of K;Fe(CN)>. The pigment is chemically 
reduced by the addition of a few crystals of Na2S.0x. 


Results 


Purification of Cytochrome Peroxidase—The extract, prepared as described 
under “Methods,” was fractionated with solid (NH4)2SO,. The protein 
fraction, precipitating between 40 and 80 per cent saturation and con- 
taining most of the activity, was redissolved in 0.1 M orthophosphate at pH 
7.5 to 20 per cent of the original volume. 

Small aliquots of the 40 to 80 per cent (NH,)2SO, fraction were added to 
a chromatographic column, 1 em. X 15 cm., consisting of acid-treated 
kaolin. Since the cytochrome peroxidase activity is associated with the 
cytochrome pigment, which is darker in the reduced state, the enzyme was 
best followed by reducing the pigment with a few crystals of Na2S2O, before 
the fraction was added to the column. The proteins moved very slowly on 
the column; the rate of flow, however, was increased by the application of 
air pressure by means of a rubber pressure bulb. After the pigmented 
band moved 5 cm., the column was washed with 0.1 m phosphate buffer, 
pH 7.5, in order to remove most of the contaminating proteins; the washing 
was stopped when the cytochrome band moved 10 cm. The column was 
then eluted with 20 ml. of saturated ammonium acetate. Five fractions 
of approximately 3 ml. volume were collected. However, the number and 
volume of the fractions may vary. Nearly 100 per cent of the cytochrome 
peroxidase activity was recovered with various degrees of purity, but the 
fourth fraction had the highest specific activity. A summary of this puri- 
fication procedure is given in Table I. 

pH Optimum—The enzyme has a pH optimum in the region of neu- 
trality. Most of the enzyme studies were carried out at pH 7.5; the enzyme 
is stable at this pH, while the reaction rate is slower and, therefore, easier 





to f 
mak 


as Ci 
ther 
hibi 


Extr. 


4th : 
col 


onds. 


Th 
thirte 
The ii 


acid j 
acid j 


hydre 
mono 

Spe 
P. flu 
absor) 
are sh 


ay 


bed 
tein 
20n- 


d to 
ated 

the 

was 
fore 
ly on 
on. of 
nted 
uffer, 
shing 
1 was 
‘tions 
r and 
rome 
it, the 
puri- 


’ neu- 
zyme 
easier 








H. M. LENHOFF AND N. 0. KAPLAN 971 


to follow. In the alkaline range, the reduced dye is autoxidizable, which 
makes accurate measurements difficult. 

Effect of Azide—The cytochrome peroxidase is quite insensitive to azide, 
as concentrations of 10-* m produce only a small inhibition at pH 7.5. Fur- 
ther studies, however, demonstrated that at a more acid pH the azide in- 
hibition is more marked (Table II). Since the concentration of hydrazoic 


TABLE I 
Purification of Cytochrome Peroxidase from P. fluorescens 











Step Units X 103 |Specific activity) Total protein 
mg. 
ean tk d's ss nso eee kee eaewen 1180 520 2692 
40-80 (NH,)2SO,. .. 2... eee eee eee 1148 1045 110.1 
4th ammonium acetate eluate from kaolin 
EE Se red ee re 84 6480 13 











1 unit is defined as a 0.01 change in optical density of the dye at 575 my in 30 sec- 
onds. Units per mg. of protein. 


TABLE II 
Effect of pH on Inhibition of Cytochrome Peroxidase by Sodium Azide 





Sodium azide concentration 
H Per cent azide as 
P A A a a‘ hydrazoic acid 
10-2 a, per cent inhibition | 10-? mu, per cent inhibition 

















8.3 7.6 | 0.0 0.03 
7.5 18.8 7.1 0.17 
7.0 26.6 | 4.4 0.52 
6.6 63.2 1.3 
6.1 84.5 | 15.1 4.17 
5.5 94.4 | 44.4 12.28 





The conditions were as in the standard assay and utilized 5 y of enzyme purified 


thirteen times. The pH was varied by using appropriate 0.1 m phosphate buffer. 
The indicated amount of sodium azide was added. 


acid increases with a decrease in pH, these results suggest that hydrezoic 
acid is a more potent inhibitor of the enzyme than is the azide ion. 

Other Inhibitors—50 per cent inhibition was obtained with 3.2 X 10-5 m 
hydroxylamine and 10~* m cyanide. Potassium ethyl xanthate, carbon 
monoxide, and hydroxyquinoline produced no appreciable inhibition. 

Spectra of Pseudomonas Cytochrome Pigment—Particle-free extracts of 
P. fluorescens were found to have a high content of a reddish pigment. The 
absorption spectra of both the oxidized and reduced states of the pigment 
are shown in Fig. 2. The spectra are almost identical to the spectra of the 
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respective states of animal cytochrome c. The reduced pigment has an 
a-band at 550 my, a smaller 8-band at 520 my, and a large y-band at 415 my 
in the Soret region. The oxidized pigment absorbs slightly at 530 my and 
has its Soret band at 408 my. The bacterial cytochrome could be re- 
peatedly reduced by sodium dithionite and enzymatically oxidized by hy- 
drogen peroxide, indicating that the reduced cytochrome is one of the sub- 
strates of the peroxidatic reaction. 

Differences between Pseudomonas Cytochrome Pigment and Animal Cyto- 
chrome c—The Pseudomonas cytochrome pigment was found to differ from 





1,00, 


OPTICAL DENSITY 














380 4 450 500 ‘ 550 570 
WAVELENGTH (mp) 


Fig. 2. The spectra of the oxidized and reduced states of the bacterial cytochrome 
c. The cuvette contained 0.56 mg. of protein of the crude extract in 0.1 m phosphate 
buffer, pH 7.5. The oxidized cytochrome was reduced by the addition of a few crys- 
tals of dithionite; the pigment could then be oxidized by the addition of 0.1 ml. of 
3 X 10-3 m H.O2 (0.3 umole). 


animal cytochrome ¢ in the number and kind of charged groups available 
to the resinous exchange column, IRC-50. Both Neilands (5) and Mar- 
goliash (10) have shown that animal cytochrome c is readily adsorbed on 
this column. This bacterial pigment, however, was not adsorbed at all 
on the resin. In order to check the possibility that some component in the 
bacterial preparation might have been masking the potential adsorbing 
groups on the Pseudomonas cytochrome, a mixture of animal and bacterial 
cytochrome c was incubated before being placed on the column. When 
the mixture was placed on the column, only the animal cytochrome c formed 
a sharp red band at the top of the column, whereas all the bacterial cyto- 
chrome, and nearly 100 per cent of the cytochrome peroxidase activity, 
passed through the column. 

The two cytochromes also differed in their biochemical specificity to TPN 
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cytochrome c reductase of liver. Animal cytochrome c was reduced by 
this system; in contrast, the Pseudomonas pigment was not reduced. Ani- 
mal cytochrome c was found not to increase the activity of the Pseudomonas 
cytochrome peroxidase system as measured by its failure to increase the 
rate of oxidation of the reduced dye. However, the lack of effect may be 
due to the fact that the system is saturated with the bacterial cytochrome. 

One other observation suggests another possible difference between the 
two cytochromes. All dialyzed fractions of the bacterial extracts that 
contained the cytochrome component gave a red fluorescence when the 
extracts exhibited the reduced spectrum of the pigment; on oxidation of 
the pigment by hydrogen peroxide, the red fluorescence disappeared.® 
Dialyzed fractions of the extract obtained from cells grown with aera- 
tion and therefore having only a trace of cytochrome c (7), and from 


TaBLeE III 
Ratio of Cytochrome Peroxidase to Cytochrome Pigment 





| Specific activit: Per cent soluble rotein| . 
| cytochrome peseeiiiane as cytochrome sloment | Ratio, (A)/(B) 





| (A) | (B) | 
Crude extract.................. 500 | 3.65 137 
Ammonium acetate eluate...... 7550 5.4 1390 
Grown in 10% oxygen.......... 44 | 1.2 | 36 





Crude extracts of cells grown in a lower oxygen tension as described in the fol- 
lowing paper (7). 


cells grown in an iron-deficient medium with and without aeration (7), 
do not exhibit this red fluorescence on reduction. It cannot be defi- 
nitely said whether the fluorescence is due to the Pseudomonas cyto- 
chrome or to another soluble non-dialyzable component which contaminates 
the cytochrome preparation. Animal cytochrome c is not fluorescent in 
this manner. 

The bacterial cytochrome could not be purified completely free of the 
very active cytochrome peroxidase. Therefore, it was impossible to obtain 
a substrate saturation curve of the enzyme with the cytochrome. How- 
ever, as demonstrated in Table ITI, the ratios of the peroxidase to the pig- 
ment obtained from different fractions of the bacterial extracts vary sig- 
nificantly, indicating that the cytochrome pigment and the cytochrome 
peroxidase are different proteins. Thus far, it has not been possible to 
obtain two fractions during the purification procedures that together gave 
an increased cytochrome peroxidase activity. 

Requirement of Hydrogen Peroxide for Dye Oxidase Activity—Preliminary 


5 Lenhoff, H. M., and Snell, G., in preparation. 
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experiments demonstrated that either the crude or the purified Pseudomonas 
extracts would cause the rapid oxidation of the dye 2,6-dichlorobenze- 
noneindo-3’-chlorophenol. This activity is similar to the “dye oxidase” 
activity of plant tissue described by Smith and Stotz (8). However, the 
rate of dye oxidation caused by the Pseudomonas extract usually reached 
a plateau after 90 seconds, most of the dye being left in the reduced state 
(Fig. 3, Curve A). Furthermore, hydrogen peroxide was found to be essen- 
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Fig. 3. The effect of catalase and hydrogen peroxide on dye oxidase activity. 
Curve A represents the conditions of the standard assay without the addition of 
exogenous hydrogen peroxide. The reaction was started with 80 y of the three times 
purified extract. The conditions represented in Curve B are the same as those of 
Curve A, except that 1.0 mg. of Armour catalase is incubated with the reaction mix- 
ture for 1 minute before the enzyme is added. Curve C represents the reaction 
mixture exactly under the conditions of the standard assay, 7.e. with 0.1 ml. of 3 X 107° 
M H20:2 added. 


tial for the dye oxidation, for the addition of exogenous hydrogen peroxide 
promoted the complete oxidation of the dye (Curve C) and the incubation 
of catalase with the reduced dye before the addition of the enzyme inhibited 
the dye oxidation completely (Curve B). The initial burst of dye oxida- 
tion was found to be due to the presence of endogenous hydrogen peroxide 
in the dye solution; this hydrogen peroxide, as discussed above, was formed 
by the reduction of dissolved oxygen when hydrogen gas was passed through 
the dye solution in the presence of palladium-asbestos. The dye oxidation 
was found to be due to the chemical reduction of the cytochrome pigment 
of these extracts by the dye and the subsequent oxidation of the reduced 
cytochrome by the hydrogen peroxide and peroxidase. A similar diffi- 
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culty was encountered by Altschul, Abrams, and Hogness (11) in their 
studies on yeast. They found that their apparent soluble cytochrome 
oxidase activity was caused by a cytochrome c peroxidase and that the 
hydrogen peroxide was generated during the reduction of the cytochrome c 
by Hz, and palladium-asbestos. 

Enzymatic Oxidation of DPNH by H.O.—Crude particle-free extracts of 
P. fluorescens oxidized DPNH only slightly. The anaerobic addition of a 
trace of dye to the extract and DPNH resulted in only partial oxidation of 
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Fig. 4. The effect of H,O. on DPNH oxidation by the extracts of P. fluorescens. 
The reaction mixture represented by Curve A consisted of 0.5 ml. (0.528 mg. of pro- 
tein) of the crude bacterial extract, 0.04 ml. of DPNH (10 mg. per ml.), 0.4 ml. of 
phosphate buffer, pH 7.5, 0.1 ml. of oxidized dye, and water to bring the total 
content to 3.0 ml. The reaction mixture represented by Curve B was the same as 


Curve A, except for the addition of 0.1 ml. of 0.05 m H.O. before the enzyme was 
added. 











the DPNH, while the dye and the cytochrome pigment (present in these 
extracts) were completely reduced. The dye accepted electrons from 
DPNH in the presence of diaphorase in the extract and passed them chem- 
ically to the cytochrome pigment. When the reaction mixture was carried 
out in the presence of oxygen, a rapid oxidation of the DPNH ensued (Fig. 
4, Curve A). The aerobic addition of hydrogen peroxide to the extracts 
and DPNH resulted in an even faster oxidation of the DPNH (Fig. 4, 
Curve B). From these studies it was apparent that the Pseudomonas ex- 
tracts produced hydrogen peroxide, which was subsequently used in the 
cytochrome peroxidase system. The addition of exogenous hydrogen per- 
oxide provided more substrate for the peroxidase. The following sequence 
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of reactions may be involved: 
5 diaphorase : 
(1) DPNH + H+ + dye ——~—————> DPN* + dye-2H 


flavi 

(2) DPNH + H+ + 0, ———> H.0; + DPN? 

(3) Dye-2H + 2 cytochromes Fe***+ — 2 cytochromes Fe+*+ + dye + 2H* 
‘vtock , xidas 

(4) 2H* + 2 cytochromes Fe*+* + H.O, Fi nn 


2 cytochrome Fet*+*+ + 2H.,0 


Net: 2DPNH + 2H* + 0. — 2DPN* + 2H.0 








That hydrogen peroxide can function as the electron acceptor in the ab- 
sence of oxygen was demonstrated by the addition of the peroxide anaero- 
bically, as seen in Fig. 5. Since a trace of the dye links the diaphorase to 
the cytochrome in the aerobic system and thereby allows the rapid oxida- 
tion of DPNH, it was necessary to eliminate the dye from the reaction 
cuvette until anaerobiosis was attained; the dye was then added with the 
peroxide. On anaerobic addition of the dye alone to the reaction mixture, 
shown in Curve A, Fig. 5, only the DPNH necessary for dye reduction was 
oxidized. Curve B demonstrates that the addition of both hydrogen per- 
oxide and the dye gives a rapid and complete oxidation of the DPNH. The 
possibility exists that the catalase in these preparations decomposed some 
of the hydrogen peroxide and thereby supplied enough oxygen for an aero- 
bic reaction. However, the production of oxygen was minimized by the 
addition of 10-* m azide to inhibit selectively most of the catalase activity 
and by the use of only minimal amounts of hydrogen peroxide. 

The Pseudomonas extracts required the dye in order to oxidize DPNH by 
H.0>; therefore, these extracts did not exhibit any of the DPN H-peroxidase 
activity described by Dolin (12). The ferrocytochrome pigment, rather 
than the reduced dye, was demonstrated to be the actual substrate of the 
peroxidase. The cytochrome pigment, chemically reduced by a few crys- 
tals of sodium dithionite, remained in the reduced state indefinitely in the 
presence of oxygen. However, on the addition of H.O2 the pigment was 
oxidized by means of the cytochrome peroxidase. This alternate reduc- 
tion and oxidation was repeated a number of times without destroying the 
cytochrome pigment or the peroxidase activity. 

Hydrogen Peroxide Saturation of Cytochrome Peroxidase—In determining 
the Michaelis-Menten constant of cytochrome peroxidase towards hydrogen 
peroxide, two difficulties were encountered. The reduced dye contained 
endogenous hydrogen peroxide, making quantitative measurements im- 
possible, and the cytochrome peroxidase preparation was not free from the 
bacteria! catalase which competed with the peroxidase for H2O.. In order 
to remove the endogenous H2Q» present in the solution of reduced dye, the 
cytochrome peroxidase was added to the reaction mixture before the exog- 
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enous H,O2. When the endogenous H.O. was completely consumed, a 
known amount of hydrogen peroxide was added. The second difficulty was 
overcome by adding 10-* m sodium azide to the reaction mixture at pH 7.5. 
As mentioned previously, this concentration of azide at the pH of the assay 
system inhibited the cytochrome peroxidase to only a slight extent, while 
under the same conditions most of the bacterial catalase was inhibited. As 
in Fig. 6, the substrate saturation curve with both peroxidase and catalase 
active was atypical and gave an apparent K,, of 10-'m. However, when 
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Fic. 5. The anaerobic oxidation of DPNH by hydrogen peroxide. In Curve A, 
0.13 ml. of oxidized dye was added anaerobically to 0.66 ml. (1.9 mg. of protein) of 
crude P. fluorescens extract, 2.85 ml. of 0.1 m phosphate buffer, pH 7.5, 0.13 ml. of 
3X 10°? m NaN;, and 0.13 ml. of DPNH (6 mg. per ml.). Curve B represents the 
anaerobic addition of 0.13 ml. of the oxidized dye and 0.13 ml. of 3 X 10-3 m HO, to 
the same reaction mixture as in Curve A. 


the catalase was selectively inhibited by the azide, most of the hydrogen 
peroxide was made available to the cytochrome peroxidase, and the satura- 
tion curve appeared to be more typical with a corrected K,, of 5 X 10-6 m. 
It is likely that the K,, is even lower, since the catalase was not completely 
inhibited by the azide. 

Distribution—The cytochrome c peroxidase described by Altschul et al., 
which is assayed by the oxidation of reduced cytochrome c, was initially 
observed in brewers’ yeast (2) and more recently in Neurospora tetra- 
sperma (13) and the petite yeast mutant of Ephrussi et al. (14). The 
crude particle-free extracts of a number of organisms were tested for cyto- 
chrome peroxidase activity by the method discussed in this paper (Table 
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Distribution of Cytochrome Peroxidase Activity DP? 

| | Specific ac- | the | 

| tivity when | i > ; 

Active , pea on ere’ | Inactive po In t 

reaction | cata 

cuvette | 

| = cyto 

P. fluorescens | 520-1000 | | Achromobacter fisheri 0 pany 
A. vinelandii 254 | | Pigeon liver 0 
N. crassa, poky mutant | 87 | | Paramecium caudatum | 0 

Soy bean 2550 | | Lactobacillus arabinosus | 0 P 
B. Calmette-Guerin 1 | 14 | Aerobacter aerogenes 0 

N. crassa 146 4 | 37 | Proteus morganit 0 2 DPN 
E. coli l 10 Euglena 0 
C. kluyveri 2 19 Drosophila melanogaster | 0 
A. agile 2 21 | Acetobacter rallinium 0 
| Bacillus brevis | 0 

Leuconostoc mesenteroides | 0 : Ot 

| Mycobacterium butyricum | 0 idase 

Te ee EK =e a a a eae Neur 

IV). Appreciable activity was found in the poky mutant® of Neurospora ne 

and in Azotobacter vinelandii. Assays of extracts of Neurospora crassa, ' oa 

Escherichia coli, Bacillus Calmette-Guerin, and Azotobacter agile demon- . | 
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6 A culture of the poky mutant was kindly supplied by Dr. H. K. Mitchell. is pr 








ions 
the 


yn of 
was 
ution 


cific 
ivity 


ospora 
rassda, 
emon- 








H. M. LENHOFF AND N. O. KAPLAN 979 


strated the existence of small amounts of cytochrome peroxidase only in the 
presence of 10-* m sodium azide. The azide was added in order to inhibit 
catalase; it had no significant effect on the peroxidase. Apparently the 
ratio of catalase to cytochrome peroxidase was high in these organisms, and 
the hydrogen peroxide was available to the peroxidase only when the cata- 
lase system was inhibited. Soy bean extracts exhibited a very high ac- 
tivity. However, it cannot be definitely stated whether this activity was 
due to. cytochrome peroxidase, because it has not been possible to observe 
the cytochrome pigment in these extracts. The activity may be attributed 
to another peroxidase mediating the oxidation of the dye. In any case, 
the activity of the soy bean extract is solely due to a peroxidase, as it is 
completely inhibited by catalase. 


DISCUSSION 


The significance of the peroxidase complex described above in the normal 
respiration is not entirely clear at the present time. Recently there have 
been reports which cast doubt on the presence of a cytochrome oxidase in 
P. fluorescens (15, 16), thus enhancing the probability that the cytochrome 
peroxidase acts in oxidizing the highly abundant cytochrome pigment in 
this organism. On extraction of the bacterial cells, the cytochrome is usu- 
ally in the reduced state, suggesting that it plays an active part in electron 
transfer. The cytochrome peroxidase unites two relatively inefficient 
DPNH oxidizing systems to form a very effective one. In the first system, 
the DPNH supplies electrons to oxygen forming hydrogen peroxide, while, 
in the second, the cytochrome is reduced. The cytochrome peroxidase 
catalyzes the reaction of the products of the two systems and yields ferri- 


cytochrome and water. This series of reactions is depicted in the accom- 
panying scheme. 


2 ‘Cytc' Fe** 


+2 ‘Cyt — ‘es 
CYTOCHROME ‘ : » 68 
> 2'Cytc’ Fe’ ~+ 2H,0 
2DPNH + 2H PEROXIDASE : : 
tom, 
H 


202 





Other cytochrome c-containing organisms that have a cytochrome perox- 
idase and are void of cytochrome oxidase are the petite yeast (14) and poky 
Neurospora (17). Chantrenne has found a cytochrome c peroxidase in the 
petite yeast (18), and we have demonstrated the presence of some cyto- 
chrome peroxidase activity in the poky Neurospora. 

Although an active cytochrome peroxidase activity was found in soy bean 
extracts, it is difficult at this time to conclude that this peroxidase activity 
is promoted by the peroxidation of a ferrocytochrome. No cytochrome 
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spectra could be observed in these extracts owing to the interfering chloro- 
phyll pigments. The possibility exists that the activity observed in the 
soy bean extracts is the same as the “dye oxidase” activity observed by 
Smith and Stotz (8) in other plant tissues, since catalase was not added in 
their experiments. 

Chance (19) has demonstrated that the yeast cytochrome c peroxidase 
acts with hydrogen donors other than cytochrome c. The cytochrome 
peroxidase of P. fluorescens reacts specifically with the Pseudomonas 
cytochrome. It will not promote the purpurogallin test as do most perox- 
idases, and it does not appear to react with animal cytochrome c. 

Chance (20) also has presented evidence that the yeast cytochrome c 
peroxidase can oxidize ferrocytochrome c at a faster rate than cytochrome 
oxidase and that peroxide utilization is greater in the anaerobic yeast cell 
than in the aerobic yeast cell. It seems likely that the cytochrome c perox- 
idase would therefore be most active physiologically at an oxygen tension 
high enough to allow peroxide production, and yet low enough to permit 
the peroxidase to act at its maximal rate. The increased function of cyto- 
chrome peroxidase at low oxygen tensions is described more fully in the next 
paper (7). 

In addition to our report of the Pseudomonas cytochrome, which is similar 
in spectra to animal cytochrome c (2), three other laboratories have inde- 
pendently reported a similar bacterial pigment. The cytochromes from an 
unidentified halotolerant organism (21), from Rhodopseuwdomonas spheroides 
(22), and from A. vinelandii (23) all have spectra similar to the Pseudomonas 
pigment, and likewise do not adsorb on an Amberlite IRC-50 column, in 
contrast to animal cytochrome c, which does adsorb. The possibility ex- 
ists that the animal and bacterial cytochromes have similar prosthetic 
groups with nearly identical spectra. On the other hand, the protein com- 
ponents may differ greatly, accounting for the difference in adsorption on 
the Amberlite IRC-50 column. It is interesting to note that the extracts 
of A. vinelandii, which have a high content of bacterial cytochrome c, have 
also been found to have an active cytochrome peroxidase system (Table IV). 

The Pseudomonas cytochrome peroxidase is unusual in that it is inhibited 
by sodium azide only at an acid pH, suggesting that the hydrazoie acid 
molecule inhibits the enzyme, since the dissociation constant for this acid 
is 1.9 X 10-*. This inhibition differs from the similar phenomenon found 
by Keilin (24) with yeast cells when it appears that hydrazoic acid is more 
permeable to the yeast cell than the azide ion; no permeability problem is 
encountered with the Pseudomonas system. On the other hand, this work 
is similar to the Horecker and Stannard (25) observation that the inhibi- 
tion of rat liver cytochrome oxidase by azide increased as the pH decreased, 
the only difference being that these workers used a cell-free particulate 
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preparation, while the studies presented in this paper were with an aqueous 
extract. 


The authors are indebted to Dr. W. F. Loomis for his interest and criti- 
cism of this work. 


SUMMARY 


1. A cytochrome peroxidase obtained from Pseudomonas fluorescens, act- 
ing specifically with the Pseudomonas cytochrome pigment, has been puri- 
fied 13-fold. The enzyme was assayed by its capacity to oxidize the re- 
duced form of the dye, 2 ,6-dichlorobenzenoneindo-3’-chlorophenol. 

2. Cytochrome peroxidase has a pH optimum at pH 7.0. Sodium azide 
was not inhibitory at this pH but was inhibitory at pH 5.5. Cyanide and 
hydroxylamine were inhibitors, while carbon monoxide was not. 

3. The Pseudomonas cytochrome c is similar in spectral properties to ani- 
mal cytochrome c, but differs in that it is not reduced by the TPN-cyto- 
chrome c reductase of liver and is not adsorbed on an Amberlite IRC-50 
chromatographic column as is animal cytochrome c. 

4, The K,, for hydrogen peroxide was determined to be 5 X 10-®m. The 
peroxide stimulated the oxidation of DPNH in the presence of the crude 
bacterial extract and a trace of the dye, and it also promoted the oxidation 
of the reduced coenzyme under anaerobic conditions. 

5. The enzyme was present in large amounts in Pseudomonas fluorescens, 
Azotobacter vinelandii, and in the poky mutant of Neurospora crassa. It 
was present in smaller amounts in Neurospora crassa, Escherichia coli, Ba- 
cillus Calmette-Guerin, Clostridium kluyveri, and Azotobacter agile. 

6. The significance of cytochrome peroxidase in cellular respiration is 
discussed. 
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EFFECTS OF OXYGEN, IRON, AND MOLYBDENUM ON 
ROUTES OF ELECTRON TRANSFER IN 
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AND NATHAN O. KAPLAN 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, June 6, 1955) 


The previous paper was concerned with a cytochrome peroxidase system 
in Pseudomonas fluorescens (2). This system was found in the organism 
only when the cells were grown at low oxygen tensions. In contrast, P. 
fluorescens grown at high oxygen tensions had little cytochrome peroxidase, 
but had increased flavoprotein activity. 

When P. fluorescens was grown at a low oxygen tension, iron, a component 
of cytochromes and peroxidases, was found to be essential for growth. On 
the other hand, molybdenum, recently found to be a component of some 
flavoprotein enzymes (3-7), was essential for the cells grown at high oxygen 
tensions. Furthermore, the cells grown at high oxygen tensions had 5 times 
the molybdenum content of the cells grown at low oxygen tensions. 

These results suggest that the oxygen tension of the medium during the 
growth of P. fluorescens determines the alternative routes of terminal elec- 
tron transfer which the organism forms: an iron-cytochrome peroxidase 
pathway when the organism is grown at low oxygen tensions, or a molybdo- 
flavoprotein pathway as the terminal oxidase when the organism is grown 
at a high oxygen tension. 


* Contribution No. 119 of the McCollum-Pratt Institute, aided by grants from 
the American Cancer Society as recommended by the Committee on Growth of the 
National Research Council, the Rockefeller Foundation, and the Climax Molyb- 
denum Company. A preliminary report of this work was presented at the| 1954 
meeting of the Federation of American Societies for Experimental Biology in At- 
lantic City (1). The abbreviations used in this paper are the same as in the previous 
paper. 

{ Lalor Predoctoral Fellow, 1953-54. Present address, Armed Forces Institute of 
Pathology, Washington, D. C. 

t Present address, Long Ashton Research Station, University of Bristol, Bristol, 
England. 

1The terms “‘flavoprotein pathway,” ‘“‘flavoprotein respiration,’’ etc., refer to 
instances in which flavoproteins are used as terminal oxidases. They do not refer 
to the cytochrome system which employs flavoproteins in its initial step of electron 
transfer. In these studies, flavoproteins are measured indirectly by diaphorase 
activity. 
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Materials and Methods 


Growth of Bacteria—A strain of P. fluorescens obtained from Dr. Carl 
Lamanna was used in all the experiments. The medium used for the 
growth of the organism in experiments not involving trace element studies 
is given in the preceding paper (2). For the cells grown without aeration, 
the medium was dispensed in 500 ml. quantities in 1 liter Erlenmeyer 
flasks, or in 10 liter quantities in 20 liter carboys. For the cells grown with 
aeration, the medium was dispensed in 500 ml. quantities in 4 liter Erlen- 
meyer flasks; in order to maintain 100 per cent saturation with air, the 
flasks were shaken mechanically during growth. 

Oxygenation of Bacteria—In growing the bacteria with varying measured 
amounts of oxygen, the medium was dispensed in 500 ml. quantities into 4 
liter Erlenmeyer flasks. Known mixtures of oxygen and nitrogen gas were 
constantly bubbled into the flasks during the entire growth period. 
Loomis? has shown by means of his microtest for dissolved oxygen (8) 
that a known concentration of oxygen, when bubbled through a liquid, 
varies in its distribution throughout the solution. Therefore, in order to 
maintain an equal distribution of the known amount of oxygen in the 
medium, all the cultures were shaken during growth. 

Medium for Growth on Metal Deficiencies—The experiments involving the 
trace elements required an iron-free or molybdenum-free medium. Since 
the medium normally used contained large amounts of bound metals in the 
yeast extract, a purely synthetic medium was used. The following medium 
gave excellent growth: 5 gm. of sodium citrate, 3.75 gm. of NaNOs, 1.25 gm. 
of NH,NOs, 1 gm. of KH2PO,, and 0.5 gm. of MgSO, per liter adjusted to 
pH 6.9 to 7.1. In all media which involve the removal of trace elements, 
triple distilled water was used. All glassware and apparatus were washed 
with tap water, concentrated HCl, tap water, three times with distilled 
water, and three times with triple distilled water. 

Preparation of Iron-Deficient Medium—Iron was removed with the chelat- 
ing agent 8-hydroxyquinoline, according to the method of Nicholas (9). 
The pH was adjusted with NaOH prior to the removal of the metals. Since 
8-hydroxyquinoline also removes other metals, 1 mg. of molybdenum per 
liter as molybdate and 0.54 mg. of CuCl:-2H: per liter were added to the 
medium after the iron was removed. These metals were purified free of 
contaminating metals by the methods described by Nicholas (9). 

Preparation of Molybdenum-Deficient Medium—Molybdenum was re- 
moved by the acid-copper sulfide coprecipitation method described by Nich- 
olas (9). Since this method also removed other metals, 4.8 mg. of puri- 
fied FeCl;-6H.O per liter and 0.54 mg. of purified CuCl.-2H: per liter were 
added to the medium after the molybdenum was removed. The pH was 


2? Loomis, W. F., personal communication. 
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subsequently adjusted with metal-free ammonia gas. Extreme caution was 
used to prevent contamination in these experiments, as even particles of 
dust or cotton may have enough molybdenum to fulfil the requirement of 
this organism. Therefore, beakers were used to cover the Erlenmeyer flasks 
during growth instead of cotton plugs. 

In cases in which it was necessary to add again either copper, iron, or 
molybdenum to the purified media, the metals were purified free of con- 
taminating metals by the methods of Nicholas (9). 

Metal and Enzyme Assays—The bacterial extracts were prepared as de- 
scribed in the previous paper (2). The cells were assayed for their molyb- 
denum content by the microbiological assay method of Nicholas (9). The 
cytochrome pigment and cytochrome peroxidase activity were assayed as 
described in the previous paper (2). Catalase activity was measured ac- 
cording to the method of Feinstein (10). Nitrate reductase and nitrite 
reductase were assayed by nitrite appearance and disappearance, respec- 
tively, according to the methods of Nason and Evans (11) and of Nason 
et al. (12). 

Assay for Diaphorase Activity—Diaphorase activity was measured by 
the reduction of the dye, 2 ,6-dichlorobenzenoneindo-3’-chlorophenol, with 
DPNH as electron donor in the presence of cyanide to inhibit the enzymatic 
reoxidation of the dye. The specific activity is expressed as a 0.01 change 
in the optical density of the dye at 660 my per mg. of protein in 30 seconds. 
A typical reaction mixture consists of the following components: 2.2 ml. 
of 0.1 m phosphate buffer, pH 7.5, 0.1 ml. of KCN, 0.5 ml. of the oxidized 
dye, prepared as described in the preceding paper (2), 0.1 ml. of DPNH 
(4 mg. per ml.), and 0.1 ml. of the bacterial extract. The reaction is started 
by adding DPNH. 

Materials—DPNH was prepared as described by Pullman, Colowick, 
and Kaplan (13) from DPN of approximately 90 per cent purity obtained 
from the Sigma Chemical Company. Protein concentration was deter- 
mined by the method of Lowry et al. (14). 


Resulis 


Effects of Oxygen Tension—Extracts of P. fluorescens grown in deep stand- 
ing cultures exhibited the spectrum of the newly described Pseudomonas 
cytochrome pigment (2). However, when this organism was grown in 
shallow cultures on the shaking machine, its extracts did not exhibit any 
of the cytochrome bands. The essential difference between the two meth- 
ods utilized to grow the cells was that of variation in oxygen tension. The 
cells grown in deep standing cultures were non-aerated, and thus grown at 
a low oxygen tension; on the other hand, the cells grown in shallow shaking 
cultures were aerated and, therefore, grown at a high oxygen tension. 
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Fig. 1 illustrates the reduced spectra of the extracts of aerated and non- 
aerated cultures. The extract of the non-aerated culture exhibits the typi- 
cal reduced cytochrome c bands, while the aerated culture extract shows no 
definite peaks except for a very weak one in the Soret region. In order to 
prevent the possibility that the cytochrome pigment formed in the aerated 
cultures was not diluted owing to faster growth of the aerated cells as com- 
pared to the non-aerated cells, both cultures were harvested when their 
growth was approximately the same. 
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Fig. 1. The reduced spectra of the extracts of P. fluorescens grown with and with- 
out aeration. The absorption spectra are expressed for 1.0 mg. of protein of the 
crude bacterial extract in 3 ml. of orthophosphate buffer, pH 7.5, 0.1 m. 


As described previously (15), the extracts obtained from cells grown 
without aeration had a large amount of the cytochrome pigment, cyto- 
chrome peroxidase and catalase, and moderate amounts of diaphorase ac- 
tivity. In contrast, extracts of cells grown with aeration had only a trace 
of the cytochrome pigment and cytochrome peroxidase activity, slight 
catalase activity, and a 4 times greater diaphorase activity when compared 
to the unaerated cells (15). These results suggest that growth with intense 
aeration caused the cells to shift from a cytochrome respiratory pathway to 
one which utilizes a flavoprotein as a terminal oxidase.' 

Experiments were performed to see whether this shift in the components 
of the terminal electron transfer pathways was gradual owing to the changes 
in oxygen tension. Known mixtures of oxygen and nitrogen gas were bub- 
bled through the growing cultures; the flasks were constantly shaken to 
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insure equal distribution of the gases. The cells were harvested when they 
all exhibited the same amount of growth as determined by the turbidity 
of the cultures. The extracts of the cells were prepared and analyzed for 
the cytochrome pigment, cytochrome peroxidase, and diaphorase activity; 
the results are presented in Table I. The data demonstrate that, by in- 
creasing the amount of oxygen available to P. fluorescens during growth, 
the respiratory pathway of the organism shifts from a cytochrome one to 
one which possibly utilizes a flavoprotein as terminal oxidase. The great- 
est change was noticed between 5 and 10 per cent oxygen when the cyto- 
chrome peroxidase activity dropped 10-fold, while the diaphorase activity 
increased 3- to 4-fold. Since all the cultures used in these experiments 
were shaken during growth, the possibility was eliminated that the changes 


TABLE I 
Changes in Enzyme Activity in P. fluorescens Grown at 
Different Oxygen Tensions 











Per cent oxygen | C¥( oro i | ee ae | a. .-™ 
1 | 415 | 4.1 | 15 
5 456 2.5 | 13 
10 44 | 1.2 48 
20 46 | 0.3 | 62 
50 48 0.2 | 71 








Cytochrome peroxidase and cytochrome were assayed as described in the preced- 


ing paper (2). Diaphorase was assayed as described under ‘‘Materials and meth- 
ods.”’ 


in the enzyme constitution of the terminal electron transfer pathways were 
due to the mechanical process of shaking.* 

DPNH Oxidase Activity of Extracts of P. fluorescens Grown at Low and 
High Oxygen Tensions—The particle-free extracts of the cytochrome-con- 
taining cells grown at low oxygen tension, and of non-cytochrome-con- 
taining cells grown at high oxygen tension, were compared for their ability 
to oxidize DPNH. In both cases approximately 1.36 mg. of protein per 3 
ml. of reaction mixture were used in order to obtain a measurable reading. 
Both extracts exhibited approximately the same amount of DPNH oxidase 


3 The possibility also existed that oxygenation caused the precipitation of ferric 
salts as insoluble polymerized iron oxides, thereby rendering the iron salts imperme- 
able to the cell for cytochrome production. However, this possibility was elimi- 
nated. P. fluorescens grown at high oxygen tensions in the absence of iron pro- 
duced the pigment fluorescin, but, if iron was present in the culture medium at this 
oxygen tension, the fluorescin production ceased, indicating that the iron in the 
medium was available to the cell. (Lenhoff, H. M., and Snell, G., in preparation.) 
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activity per mg. of protein (Curve A, Fig. 2, and Curve A, Fig 3. In the 
cytochrome-containing extracts (Fig. 2), however, a slight initial lag oc- 
curred. This lag may be due to the shunting of electrons through two in- 
efficient electron transfer systems; that is, the cytochrome-reducing path- 
way and the hydrogen peroxide-producing pathway. The lag ends when 
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Fic. 2. DPNH oxidation in extracts of P. fluorescens grown at a low oxygen ten- 
sion. Curve A represents the oxidation of 0.1 ml. of DPNH (4 mg. per ml.) by 0.5 
ml. (1.36 mg.) of extract of P. fluorescens grown at low oxygen tension. The total 
reaction mixture of 3.0 ml. is completed with 0.1 m phosphate buffer, pH 7.5. In 
Curve B, 0.05 ml. of the oxidized dye, prepared as described in the preceding paper 
(2), is added. Curve C has the same components as Curve A plus 0.01 ml. of 3 X 10-2 
mM KCN. Curve D has the same components as Curve B plus 0.1 ml. of 3 X 10-2 Mm 
KCN. 


sufficient reduced cytochrome and hydrogen peroxide are present to satu- 
rate the cytochrome peroxidase. 

A trace of the oxidized dye, 2 ,6-dichlorobenzenoneindo-3’-chlorophenol, 
was added to each of the DPNH oxidase systems. In the cytochrome- 
containing extracts (2), the dye was reduced by the diaphorase present; 
the reduced dye then chemically reduced the Pseudomonas cytochrome 
pigment which was subsequently enzymatically oxidized by hydrogen per- 
oxide. Since these reactions were very rapid, the dye greatly increased 
the DPNH oxidation in these extracts, as shown in Curve B, Fig. 2. A 
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similar increase of DPNH oxidation by the addition of dye was also demon- 
strated by using smaller amounts (0.14 mg. of protein) of the same extract. 
On the other hand, the dye did not increase the rate of DPNH oxidation 
in the non-cytochrome-containing extracts to a great extent (Curve B, 
Fig. 3). The initial burst of activity that did occur, however, was due to 
the reduction of the dye by the diaphorase activity of the extract. After 
the dye was reduced, it remained in the reduced state for a long time, indi- 
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Fic. 3. DPNH oxidation in extracts of P. fluorescens grown at a high oxygen 
tension. The curves correspond to the reaction mixture represented by the respec- 
tive curves in Fig. 2; the only difference is that here 0.5 ml. (1.37 mg.) of extract of 
P. fluorescens grown at a high oxygen tension is used. 


cating that it did not reduce any other component in the reaction mixture. 
In the cytochrome-containing extracts, however, the dye returned quickly 
to the oxidized state as soon as the rapid DPNH oxidation ceased. 
Addition of 10-* m cyanide to both the cytochrome-containing and non- 
cytochrome-containing extracts partially inhibited the endogenous DPNH 
oxidase activities. There are three possible sites of cyanide action in these 
systems: (1) In the cytochrome-containing extracts cyanide could inhibit 
the cytochrome peroxidase activity that occurred in the absence of the dye; 
(2) in both extracts cyanide might bind the metal of any flavoprotein 
terminal electron oxidase such as molybdenum; and (3) cyanide might also 
inhibit the catalase activity and thereby prevent the decomposition of the 
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generated hydrogen peroxide, and thus slow the rate of DPNH oxidation. 
The inhibitory action of cyanide with the dye present in the non-cytochrome 
was similar to its action in the absence of the dye. In the cytochrome- 
containing extracts, however, the cytochrome peroxidase was completely 
inhibited, thereby preventing the increase in rate usually caused by the dye. 
On the other hand, both extracts still reduced the dye, since diaphorase 
activity is cyanide-insensitive. 

Effect of Iron Deficiency on Growth of P. fluorescens and on Nature of Its 
Terminal Electron Transfer Pathways—From the results obtained with the 
growth of P. fluorescens at various oxygen tensions, one would expect that 


TaBLe II 
Effect of Iron Deficiency on Growth of P. fluorescens and on Its Respiratory Enzyme 
| 











Low oxygen tension High oxygen tension 
| @0e T° th | +Fe | —Fe 
— a | _ — —— | _ _ 
a. Growth | 100% | 17% | 100% | 285% 
b. Cytochrome peroxidase | 392 | 137 
. pigment | 3.5% | 0.1% | 
Catalase | 4 3 | 
c. Diaphorase 39 140 62 111 
d. Nitrite reductase 7 | 


81 | 16.4 17.4 





The media were prepared as described in the text. To each liter were added 1 mg. 
of molybdenum as molybdate ion and 0.54 mg. of CuCl.-H,0. The cultures contain- 
ing iron had 4.8 mg. of FeCl;-6H.O per liter. Definitions of the specific activity 
units of the following enzymes are given in their respective sources: cytochrome 
peroxidase (2); catalase (10); diaphorase (this paper); and nitrite reductase (12). 


the cytochrome-rich cells grown at low oxygen tension would have a higher 
iron requirement than the cytochrome-poor cells grown at high oxygen 
tension. For this reason, the bacteria were grown in media with and with- 
out iron at both low and high oxygen tensions. Accordingly, the results 
shown in Table II, a, demonstrate that the cells grown at a low oxygen 
tension gave only 17 per cent of normal growth in the absence of iron, while 
the cells grown at high oxygen tension were only slightly affected by the 
iron deficiency. 

The extracts of the cells grown at a low oxygen tension in both the presence 
and the absence of iron were analyzed for the content of their iron enzymes. 
As might be expected, in the absence of iron the percentage of the soluble 
protein as the cytochrome pigment, and the specific activities of the cyto- 
chrome peroxidase and catalase, were all decreased (Table II, b). Thus, 
iron deficiency not only inhibited the total growth of this organism, but 
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also produced a decrease in the concentration of the iron enzymes when 
compared to the cells grown in the presence of iron. 

In contrast to the iron enzymes which decreased when the cells were 
grown on an iron-deficient medium, the diaphorase activity of these cells 
increased. The extracts of the cells grown at both low and high oxygen 
tension on the iron-deficient medium showed an increase in their diaphorase 
activities as compared to cells grown on medium supplied with iron (Table 
II, c). Since diaphorase activity, as indicated by the capacity to reduce 
dye, is usually associated with flavoproteins, it is possible that the increase 
in diaphorase resulting from the iron deficiency is owing to the formation 
of a new flavoprotein which may then act as a terminal oxidase. 








TaB_e III 
Effect of Molybdenum on Growth 
Media 
Oxygen tension of media Normal Deficient 





7 aii, per cent 
t 


Per cent growth grow 


+ molybdenum, per cent 
growth 








Re ol ad 100 35.5 | 86 
pa RRR. 100 4 | 25 











The deficient media were prepared as described in the text. In addition, 0.54 
mg. of CuCl.-2H,0, and 4.8 mg. of FeCl;-6H:2O were added per liter. The cultures 
containing molybdenum had 0.5 y of molybdenum as molybdate ion per liter. 


Studies of nitrite reductase (11, 12) demonstrated (Table II, d) that the 
nitrite reductase activity of P. fluorescens, grown at a low oxygen tension 
and on an iron-deficient medium, increased 11-fold. At the same time, 
the nitrite reductase activity of cells grown at high oxygen tension on the 
iron-deficient medium did not change significantly. Although the exact 
mechanism is not clear, this finding suggests the possibility that the organ- 
ism grown at a low oxygen tension on an iron-deficient medium passes part 
of its electrons to nitrate and its reduction products rather than to oxygen. 

Effect of Molybdenum Deficiency on Growth of P. fluorescens—P. fluores- 
cens, placed in a molybdenum-deficient medium at a high oxygen tension, 
showed only a trace of growth (Table III). On the other hand, the cells 
placed in the same medium at a low oxygen tension grew at approximately 
one-third the rate of the cells grown on a full medium. The addition of 
0.5 y of molybdenum (as molybdate) per liter to the medium of the cells 
grown at a low oxygen tension restored growth almost to normal, while 
the same addition to the medium of the cells grown at a high oxygen tension 
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allowed only 25 per cent of the normal growth. This indicates that P. 
fluorescens grown at a high oxygen tension had a higher molybdenum re- 
quirement than the cells grown at a low oxygen tension. 

Molybdenum Content of P. fluorescens Cells Grown at High and Low Oxygen 
Tensions—The cells grown on a medium supplied with ample iron and 
molybdenum at both low and high oxygen tension were assayed for their 
molybdenum content. The cells grown at a high oxygen tension contained 
5 X 10- y of molybdenum per mg. of protein as compared to 1 X 107 y 
per mg. of protein in the unaerated cells. 


DISCUSSION 


It is generally accepted that cytochromes are present in aerobes while 
they are absent from anaerobes. This paper describes some of the changes 
in the cytochrome content of P. fluorescens when this organism was grown 
at different levels of aerobiosis. When grown at a high oxygen tension, the 
cells have only traces of cytochrome pigment and cytochrome peroxidase. 
On the other hand, when grown at low oxygen tensions, the cells contained 
a large amount of cytochrome pigment and cytochrome peroxidase (2). 
A similar phenomenon was described by Shibata and Tamiya (16), who 
observed that submerged hyphae of Aspergillus had a high content of the 
cytochrome system, while surface hyphae were poor in cytochromes, despite 
their high respiratory rate. This discussion is concerned with the effect 
of oxygen tension in determining the cytochrome content and the alterna- 
tive terminal electron transfer pathways of P. fluorescens. 

As shown by Theorell (17), at high oxygen tensions the old yellow enzyme 
reduced oxygen rather than cytochrome c. However, as the oxygen tension 
was lowered, the reduction of cytochrome c was favored. Analogously, 
in P. fluorescens an adaptive phenomenon exists: at high oxygen tensions, 
the flavoprotein content, as measured by diaphorase activity, increases, 
while at lower oxygen tensions the cytochrome content increases. 

Our observation that the cytochrome content of P. fluorescens increases 
as the oxygen tension decreases appears to be in contradiction with Keilin’s 
finding (18) that cytochromes are widely distributed in cells of aerobic or- 
ganisms, while they are completely absent in strict anaerobes. However, 
the experiments described in this paper were all performed under aerobic 
conditions, but the degree of aerobiosis varied. Our results with P. flu- 
orescens may offer a broader and perhaps more precise extension of Keilin’s 
statement concerning the occurrence of cytochromes. It is possible that 
cytochromes are more abundant in aerobic cells which exist at relatively 
low oxygen tensions than in aerobic cells which exist at high oxygen ten- 
sions, the oxygen tension being determined by the amount of oxygen avail- 
able and the activity of the cell. The function of the cytochromes would 
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be to make the small amounts of oxygen present at low oxygen tensions 
more readily available to the reducing systems of the cells; if, however, 
large amounts of oxygen are available, then the cytochromes may not be 
formed. Therefore, the function of the iron-porphyrin cytochrome might 
be analogous to the function of the iron-porphyrin hemoglobin; that is, 
hemoglobin efficiently supplies oxygen to cells that otherwise would have 
access to only little oxygen, while the cytochromes might make small 
amounts of oxygen that are accessible to the reducing sytems of the cells 
more readily available for reduction. The recent demonstration of cyto- 
chromes in anaerobes, particularly the denitrifying organisms, indicates 
that cytochromes function with acceptors other than oxygen, i.e. nitrate 
and nitrite (19). However, in P. fluorescens grown at low oxygen tensions 
in the absence of iron, and thus unable to produce cytochromes, there was 
an increase in nitrite reductase, indicating that the cytochromes are not 
involved in the reduction of nitrates and nitrites in this organism. 

Simultaneously adapting to low oxygen tension with the Pseudomonas 
cytochrome pigment is the Pseudomonas cytochrome peroxidase. This 
adaptation suggests that the cytochrome peroxidase is more functional at 
low, rather than at high, oxygen tensions. Supporting evidence is given 
by Chance (20), who has shown that the cytochrome c peroxidase of yeast 
is physiologically more active than the yeast cytochrome oxidase, especially 
when the cells are grown anaerobically. 

Since iron appears to be a component of both the cytochrome and cyto- 
chrome peroxidase present in P. fluorescens cells grown at low oxygen ten- 
sions, as might be expected these cells grew only slightly on an iron-free 
medium at low oxygen tensions. At the same time, there was a reduction 
in the content of the cytochrome pigment, cytochrome peroxidase, and 
catalase of the relatively few cells that did grow. On the other hand, the 
diaphorase and nitrate reductase activities of these cells increased. These 
results indicate that P. fluorescens grown at low oxygen tensions on an iron- 
deficient medium cannot form a cytochrome peroxidase terminal electron 
transfer pathway and that there is an adaptive shunt of electrons to nitrates 
and nitrites through a flavoprotein pathway. In contrast to the cells grown 
at low oxygen tension, the cells grown at high oxygen tensions in an iron- 
deficient medium grew nearly as well as cells grown in the presence of iron. 
These latter results indicate that, under these conditions, iron is not needed 
to any great extent in the respiratory pathway. 

The effect of a molybdenum-deficient medium was studied because recent 
work (3-7) has shown that this metal is a constituent of a number of flavo- 
protein enzymes, and because we have demonstrated that P. fluorescens 
grown at high oxygen tension has an increased flavoprotein content as 
judged by diaphorase activity. The results of these experiments demon- 
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strated that the cells grown at a high oxygen tension had a higher require- 
ment for molybdenum than the cells grown at low oxygen tension. In 
agreement with this, the cells grown at a high oxygen tension in a medium 
containing an ample supply of metals were found to have 5 times the molyb- 
denum content of the cells grown at low oxygen tension similarly supplied 
with metals. 

The experiments presented in this paper suggest that P. fluorescens grown 
at low oxygen tension respires via an iron-cytochrome peroxidase pathway, 
while the cells grown at high oxygen tension may respire via a molybdo- 
flavoprotein as the terminal oxidase pathway. 


The authors would like to thank Dr. W. F. Loomis for his suggestions and 
interest in this work. 


SUMMARY 


1. Pseudomonas fluorescens grown at low oxygen tension was found to 
have large amounts of cytochrome pigment, cytochrome peroxidase and 
catalase, and moderate amounts of diaphorase. 

2. When grown at a high oxygen tension, the organism had decreased 
cytochrome pigment, cytochrome peroxidase, and catalase, while the 
diaphorase activity increased. When the cells were grown at intermediate 
oxygen tensions, there was a gradual change in these components toward 
the various extremes. 

3. The DPNH oxidase activity of the extracts of cells grown at low oxy- 
gen tension was increased by a trace of the dye, 2, 6-dichlorobenzenone- 
indo-3’-chlorophenol. Cyanide partially inhibited the endogenous DPNH 
oxidase, while it also completely inhibited the increased oxidation resulting 
from the addition of the dye. The DPNH oxidase system of the extracts 
of the cells grown at high oxygen tension was not increased by the addition 
of the dye. However, DPNH oxidation was partially inhibited by cy- 
anide. 

4. Growth of P. fluorescens at low oxygen tensions was greatly decreased 
by iron deficiency, while the cells grown at high oxygen tension on the same 
medium grew nearly as well as they did in the presence of iron. In the 
cells grown in the iron-deficient medium at low oxygen tension, the cyto- 
chrome pigment, cytochrome peroxidase, and catalase were greatly re- 
duced, while the nitrite reductase increased 11-fold. The diaphorase of 
both the cells grown at low and high oxygen tension increased on an iron- 
deficient medium. 

5. The effect of molybdenum deficiency was more marked in the cells 
grown at high oxygen tension than in the cells grown at low oxygen tension. 
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re- The cells grown at high oxygen tension had 5 times the molybdenum con- 
Tn tent of the cells grown at low oxygen tension. 
im 6. The relationship of oxygen, iron, and molybdenum to the alternative 
b- terminal electron transfer pathways of P. fluorescens is discussed. 
ed 
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Hemoglobin: Synthesis, reticulocytes, in 
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phosphate transaminase, relation, 
Ames and Horecker, 113 
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terra, Hegsted, and Zamcheck, 363 

| Iron: Ferritin, adrenaline oxidation, ef- 

feet, Mazur, Green, and Shorr, 

227 

Inorganic, reduction, enzymes, flavin, 
effect, Weber, Lenhoff, and Kaplan, 

93 

Metabolism, liver, Saliman, Fiskin, and 

Bellinger, 741 
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| Ketogluconokinase: 2-, carbohydrate 
oxidation, Pseudomonas fluorescens, 


relation, Narrod and Wood, 45 
bardo, Hudson, and Yandel, 699 


See Gluconokinase 
Ketogluconokin- 


Kinase: Glucono-. 
Ketoglucono-. See 
ase 


| Kidney: Steroid perfusion, in vitro, Lom- 
| 
| 
| 


L 


Lactobacillus casei: Growth, 1,2-alkane- 
diols, effect, Camien, Dunn, and 
Geller, 169 

Lactobacillus leichmannii: Thymidine, 
carbon 14-labeled, metabolism, vita- 
min By: effect, Downing and Schwei- 


gert, 521 
Leuconostoc citrovorum: Factor, serine, 
carbon 14-labeled, incorporation 


into, Doctor and Awapara, 
161 
Linoleate: Arachidonic acid conversion 
to, Steinberg, Slaton, Howton, and 
Mead, 257 
Lipase: Phospho-. See Phospholipase 
Lipide(s): Cerebellar, Robins, Eydt, and 
Smith, 677 
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Lipide(s)—continued: 
Fatty acids, tubercle bacillus, Cason 


and Fonken, 391 
Allen and Cason, 407 
Cason, Allen, DeAcetis, and Fonken, 

893 


Phospho-. See Phospholipide 
Sphingo-. See Sphingolipide 
Liver: Acetate metabolism, diabetes, 
fructose and bicarbonate effects, 
Frohman and Orten, 315 
Carbohydrate metabolism, Embden- 
Meyerhof and phosphogluconate ox- 
idation pathways, relation, Ashmore, 
Kinoshita, Nesbett, and Hastings, 


619 
Catalase isolation, Greenfield and 
Price, 607 


Glycogen, determination, anthrone re- 
agent use, Carroll, Longley, and Roe, 
583 

Iron metabolism, Saliman, Fiskin, and 
Bellinger, 741 
Saltman, Fiskin, Bellinger, and Alex, 
751 

Metabolism, Aminopterin effect, Vi- 
tale, Gershoff, Sinisterra, Hegsted, 


and Zamcheck, 363 
Monophosphoinositide, McKibbin, 

537 

Nucleotide, phosphorus 32-labeled, 


Brumm, Potter, and Siekevitz, 713 


M 


Maleylacetoacetate: Isomerization, ho- 
mogentisate metabolism, relation, 
Edwards and Knoz, 79 

Malto-oligosaccharide(s) : Glucosidic 
bonds, hydrolysis, salivary amylase, 
effect, Pazur and Budovich, 


25 

Menadione: Blood and, reactions, Can- 

ady and Roe, 571 
Determination, Canady and Roe, 

563 

Proteins, denatured, and, reactions, 

Canady and Roe, 71 

Mitochondrion: Adenosinetriphospha- 

tase, progesterone effect, Wade and 

Jones, 547 
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Molybdenum: Pseudomonas fluorescens 
electron transfer, effect, Lenhoff, 


Nicholas, and Kaplan, 983 
Monophosphoinositide: Liver, McKib- 
bin, 537 


Mucopolysaccharide(s): Acid, deter- 
mination, turbidimetric, Di Fer- 
rante, 303 

Muscle: Glycogen, determination, an- 
throne reagent use, Carroll, Longley, 


and Roe, 583 
Visceral, creatine phosphoferase, Gei- 
ger, 71 


Myosin: Acto-. See Actomyosin 


N 


Ninhydrin: Dipeptides and, reaction, 
Yanari, 683 

Nitrogen: Purines, origin, Levenberg, 
Hartman, and Buchanan, 


379 
—, precursors, Sonne, Lin, and Bu- 
chanan, 369 


Nucleic acid: Deoxyribo-. See Deoxy- 
ribonucleic acid 
Metabolism, vitamin B,. réle, Down- 
ing and Schweigert, 513, 521 
Nucleoside(s): Pyrimidine deoxy-. See 
Pyrimidine deoxynucleoside 
Nucleotide(s): Diphosphopyridine. See 
Diphosphopyridine nucleotide 
Metabolism, Brumm, Potter, and Sieke- 


vilz, 713 
Phosphorus 32-labeled, liver, Brumm, 
Potter, and Siekevitz, 713 


Purine. See Purine nucleotide 
Pyrimidine. See Pyrimidine nucleo- 


tide 

Utilization, Roll, Weinfeld, Carroll, 
and Brown, 439 
Roll, Weinfeld, and Carroll, 455 


Oo 


Octanoate: Carbon 14-labeled, oxida- 
tion, insulin effect, Lossow, Brown, 
and Chaikoff, 839 

Oxalic acid: Formation, Aspergillus 
niger effect, Cleland and Johnson, 

595 
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Oxidase: Succinic. See Succinic oxidase 
Oxygen: Pseudomonas fluorescens elec- 
tron transfer, effect, Lenhoff, Nicho- 
las, and Kaplan, 983 


P 


Palmitic acid: Carbon 14-labeled, oxida- 


tion, insulin effect, Lossow, Brown, 
and Chaikoff, 839 
Pancreas: Amylase synthesis, relation, 
Younathan and Frieden, 
801 
Peptide(s): Di-. See Dipeptide 
Peroxidase: Cytochrome. See 
chrome peroxidase 
Phosphatase: Adenosinetri-. See Ade- 
nosinetriphosphatase 
Prostate, cytidine and phosphate, in- 
organic, effect, Schneider and Loring, 
129 
See Adeno- 


Cyto- 


Phosphate: Adenosine di-. 
sine diphosphate 
—tri-. See Adenosine triphosphate 
Esterification, erythrocyte ghosts and 
adenosine effect, Lionetti, Rees, Hea- 
ley, Walker, and Gibson, 
467 
Phosphoferase: Creatine. See Creatine 
phosphoferase 
Phosphogluconate: Oxidation pathway, 
liver carbohydrate metabolism, rela- 
tion, Ashmore, Kinoshita, Nesbett, 


and Hastings, 619 
Phospholipase: D, plant, Yookey and 
Balls, 15 


Phospholipase D: Cottonseed, succinic 
oxidase, effect, Tookey and Balls, 

15 

Phospholipide(s): Brain, determination, 

micro-, Robins, Lowry, Eydt, and Mc- 

Caman, 661 

Phosphorylase: Amylose formation, po- 

tato extracts and, relation, Schwim- 


mer and Weston, 143 
Phosphorylation: Oxidative, progester- 
one effect, Wade and Jones, 553 
Plant: Phospholipase D, Tookey and 
Balls, 15 
Polysaccharide(s): Muco-. See Muco- 


polysaccharide 











INDEX 


Potato: Extracts, amylose formation, 
phosphorylase and, relation, 
Schwimmer and Weston, 143 

Progesterone: Mitochondrial adenosine- 
triphosphatase, effect, Wade and 


Jones, 547 
Phosphorylation, oxidative, effect, 
Wade and Jones, 553 
Testes androgens, relation, Slaunwhite 
and Samuels, 341 


Prostate: Phosphatase, cytidine and 
phosphate, inorganic, effect, Schnei- 


der and Loring, 129 
Protein(s): Cationic, electrophoresis, 
Monty, Morrison, Alling, and Stotz, 
295 

Denatured, menadione and, reactions, 
Canady and Roe, 571 
Separation, electrophoretic, Bernfeld 
and Nisselbaum, 851 


Tryptophan, determination, xanthy- 
drol use, Dickman and Crockett, 
957 
Protozoa: See also Tetrahymena 
Pseudomonas fluorescens: Carbohydrate 


oxidation, Narrod and Wood, 45 
— —, gluconokinase relation, Narrod 
and Wood, 45 
— —, 2-ketogluconokinase relation, 
Narrod and Wood, 45 
Cytochrome peroxidase, Lenhoff and 
Kaplan, 967 


Electron transfer, oxygen, iron, and 
molybdenum, effects, Lenhoff, Ni- 


cholas, and Kaplan, 983 
Purine(s): Biosynthesis, Sonne, Lin, and 
Buchanan, 369 
Levenberg, Hartman, and Buchanan, 
379 
-Metabolizing enzymes, Tetrahymena 
pyriformis, Eichel, 209 
Nitrogen, origin, Levenberg, Hartman, 
and Buchanan, 379 
—, precursors, Sonne, Lin, and Bu- 
chanan, 369 


Purine nucleotide(s): Labeled, utiliza- 
tion, Roll, Weinfeld, Carroll, and 
Brown, 439 

Purine riboside: Metabolism, Gordon and 

Brown, 927 
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Pyrimidine deoxynucleoside(s): Carbon 
14-labeled, preparation, Downing 
and Schweigert, 513 
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Succinic oxidase: Cottonseed phospho- 
lipase D effect, Tookey and Balls, 


Pyrimidine nucleotide(s): Metabolism, | 


Roll, Weinfeld, and Carroll, 455 | 


Pyruvate: Formate from, Escherichia coli, 


formate determination, micro-, As- | 


nis and Glick, 691 
Q 
Quinone(s): Identification, Canady and 
Roe, 563 
R 
Reticulocyte(s): Hemoglobin synthesis, 
in vitro, Kruh and Borsook, 905 
Retina: Histochemistry, Lowry, Roberts, 
and Lewis, 879 
Riboside: Purine. See Purine riboside 
Ss 
Saccharide(s): Malto-oligo-. See Malto- 
oligosaccharide 


Saliva: Amylase, malto-oligosaccharide 
glucosidic bonds, hydrolysis, effect, 
Pazur and Budovich, 25 

Serine: Carbon 14-labeled, incorporation 
into citrovorum factor, Doctor and 


Awapara, 161 
-Forming enzyme system, Alexander 
and Greenberg, 775 
Serine dehydrase: Sayre and Greenberg, 
787 


Shikimic acid: Biosynthesis, p-glucose 
relation, Srinivasan, Shigeura, Spre- 
cher, Sprinson, and Davis, 

477 

Sphingolipide(s): Brain, determination, 
micro-, Robins, Lowry, Eydt, and 
McCaman, 661 

Steroid(s): Carbon 19-labeled, feces, 
Miller, Turner, Fukushima, and Sala- 
mon, 221 

p-Homo-. See Homosteroid 
Keto groups, 11- and 20-, reduction, en- 
zyme relation, Hubener, Fukushima, 


and Gallagher, 499 
Perfusion, kidney, in vitro, Lombardo, 
Hudson, and Yandel, 699 


15 
T 

| Taurine: Sulfur 35-labeled, metabolism, 

Portman and Mann, 105 


| Testis: Androgens, progesterone rela- 
tion, Slaunwhite and Samuels, 
341 
Tetrahymena pyriformis: Enzymes, 
purine-metabolizing, Eichel, 209 
Threonine dehydrase: Sayre and Green- 
berg, 787 
Thymidine: Carbon 14-labeled, embry- 
onic deoxyribonucleic acid synthe- 
sis, effect, Friedkin, Tilson, and 
Roberts, 627 
— —, metabolism, Lactobacillus leich- 
mannii, vitamin By. effect, Downing 
and Schweigert, 521 
— —, utilization, bone marrow and 
thymus nuclei, Friedkin and Wood, 
639 
Thymus: Nuclei, thymidine, carbon 14- 
labeled, utilization, Friedkin and 
Wood, 639 
Transaminase: Imidazoleacetol phos- 
phate. See Imidazoleacetol phos- 
phate transaminase 
Tricarboxylic acid: Cycle, acids, Froh- 
man and Orten, 315 
Tryptophan: Blood plasma, determina- 
tion, xanthydrol use, Dickman and 


Crockett, 957 
Proteins, determination, xanthydrol 
use, Dickman and Crockett, 957 
Tubercle bacillus: Lipide fatty acids, 
Cason and Fonken, 391 
Allen and Cason, 407 
Cason, Allen, DeAcetis, and Fonken, 
893 


Typhus rickettsiae: Glutamate oxida- 
tion, phosphorylation relation, Bo- 
varnick, 353 


U 


Uracil deoxyriboside: Deoxyribonucleic 
acid thymidine from, Friedkin and 





Roberts, 653 








Urine: p-Homosteroids, Fukushima and 
Gallagher, 951 


Vv 


Viscus: Muscle, creatine phosphoferase, 

Geiger, 871 

Vitamin: B,2, nucleic acid metabolism, 
réle, Downing and Schweigert, 

513, 521 

—, thymidine, carbon 14-labeled, me- 

tabolism, Lactobacillus leichmannii, 
effect, Downing and Schweigert, 

521 
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E, blood, determination, Nair and Ma- 
gar, 157 


xX 


Xanthydrol: Blood plasma tryptophan 
determination, use, Dickman and 


Crockett, 957 
Protein tryptophan determination, 
use, Dickman and Crockett, 957 


Reactions, Dickman and Crockett, 
957 


Y 


Yeast: Amino acid biosynthesis, effect, 
Vavra and Johnson, 33 
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